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Abstract 
Identifying Potential Exposure Pathways and Estimating Risk from Shale Gas 
Development 
 
Noura Abualfaraj 
Mira S. Olson, Ph.D. 
Patrick L. Gurian, Ph.D. 
 
 
 
 
Concern over natural gas extraction across the U.S. and particularly from the 
Marcellus Shale formation, which underlies approximately two-thirds of the state of 
Pennsylvania, has been growing in recent years as natural gas drilling activity has 
increased. Identifying sources of concern and risk from shale gas development, 
particularly form the hydraulic fracturing process, is an important step in better 
understanding sources of uncertainty within the industry. Hydraulic fracturing is a well 
stimulation technique used in the production of natural gas from shale. While hydraulic 
fracturing has been in use for decades as a method for oil and gas recovery, recent 
advances in horizontal drilling techniques and fracturing fluid production have made 
previously unattainable natural gas reservoirs accessible and economically recoverable. 
In the years after hydraulic fracturing came into widespread use in Pennsylvania, 
a large amount of data on flowback characteristics became available due to public and 
regulatory attention to the process. Chapter 3 examines and analyzes the constituents that 
make up flowback waters collected from drilling sites in the states of Pennsylvania, New 
York, and West Virginia. Flowback sampling data were collected from four different 
sources and compiled into one database with a total of 35,000 entries. Descriptive 
statistical analysis revealed high concentrations of chlorinated solvents, disinfectants, 
 xiv 
dissolved metals, organic compounds, radionuclides and TDS. Relative prioritization 
scores were developed for 58 constituents by dividing observed mean concentrations by 
the Maximum Contamination Level (MCL) guidelines for drinking water. The following 
constituents were found to have mean concentrations over 10 times greater than the 
MCL: Barium, Benzene, Benzo(a)pyrene, Chloride, Dibromochloromethane, Radium, 
and Thallium.  
Regulatory inspection and violation reports also provide insight into the impact of 
natural gas extraction on the surrounding environment, human health, and public safety. 
Inspection reports for natural gas wells in Pennsylvania were collected from the 
Pennsylvania DEP Compliance Report from 2000 to 2014. Logistic regression analysis of 
215,444 inspection records for 70,043 conventional and unconventional wells was 
conducted in order to compare the odds of violations occurring under different 
circumstances. The results in Chapter 4 revealed that, when inspected, conventional wells 
had 40% higher odds of having a violation, but unconventional wells had higher odds for 
environmental violations related to waste discharge as well as cementing and casing 
failures.  
From there, a list of twelve failure scenarios of concern was developed focusing 
on specific events that may occur during the shale gas extraction process involving an 
operational failure or a violation of regulations to identify and prioritize potential failure 
scenarios for natural gas drilling operations through an elicitation of people who work in 
the industry. Illegal dumping of flowback water, while rated as the least frequently 
occurring scenario, was considered the scenario least protected by safety controls and the 
one of most concern to the general public. In terms of worker safety, the highest concern 
 xv 
came from improper or inadequate use of personal protective equipment. While safety 
guidelines appear to be highly protective regarding PPE usage, inadequate PPE is the 
most directly witnessed failure scenario. Spills of flowback water due to equipment 
failure are of concern both in regards to the welfare of the general public and worker 
safety as they occur more frequently than any other scenario examined in this study.  
In Chapter 6 of this study, the flowback data collected and the violation and 
failure scenario analyses conducted are used to develop potential exposure scenarios to 
wastewater from shale gas development. A risk assessment of occupational and 
residential exposure pathways to flowback water as carried out. Constituents of concern 
in flowback water were identified from the previous prioritization. The occupational 
cancer risk estimate for median concentrations did not exceed the target lifetime cancer 
risk of 10-6 except for benzo(a)pyrene, which exceeds the target risk level even at the 2.5 
percentile value. The upper limit of cancer risk form exposure to heptachlor also exceeds 
10-6 in this model. Hazard quotient for barium in the same model exceeds 1 (1.7) and 
results in a total hazard index of 2. The residential risk assessment revealed that several 
carcinogenic compounds found in flowback water exceed target limits and significantly 
increase the risk of an individual developing cancer following chronic exposure. In 
general, exposure from the dermal pathway posed the greatest risk to human health. 
Considering non-carcinogenic effects, only barium and thallium exceed target limits, 
where the ingestion pathway seems to be of greater concern than dermal exposure. 
Exposure to radionuclides in flowback water, particularly through the inhalation pathway 
as they volatilize from the water to the air, poses a greater threat to human health than 
other contaminants examined in this assessment. 
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Chapter 1: Introduction 
1.1. Introduction 
The United States has seen a significant increase in the development and 
production of natural gas over the past two decades by tapping into domestic resources 
(Colborn et al., 2014). Shale gas, natural gas trapped within tight, low permeability shale 
formations (commonly referred to as ‘unconventional’ reservoirs, as opposed to 
‘conventional’ natural gas produced from sands with high permeability) that can reach 
depths of over 8,000 ft. below land surface, requires hydraulic fracturing and horizontal 
drilling techniques in order to make gas extraction feasible (Rozell & Reaven, 2012; U.S. 
Department of Energy, 2009a). While hydraulic fracturing has been in use since the mid-
nineteenth century as a method for oil and gas recovery, recent advances in horizontal 
drilling techniques in combination with hydraulic fracturing have made previously 
unattainable natural gas from shale accessible and economically recoverable. 
Concern over natural gas extraction across the U.S. and particularly from the 
Marcellus Shale formation, which underlies approximately two-thirds of the state of 
Pennsylvania, has been steadily growing in recent years as natural gas drilling activity 
has dramatically increased. In Pennsylvania alone, there have been over 9,500 
unconventional wells drilled since shale gas exploration began in 2004 (Amico et al., 
2015; Brantley et al., 2014). The U.S. Energy Information Administration reported that 
the state of Pennsylvania was the fastest growing natural gas producing state with a 72% 
increase in production between 2011 and 2012 (EIA, 2013). By 2014, the state had 
doubled its 2012 production, making it the second largest producing state in the U.S. after 
Texas (EIA, 2015a). 
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The Marcellus Shale formation is one of the largest unconventional gas deposits 
in the United States and extends across the states of New York, Pennsylvania, Ohio, 
Maryland and West Virginia (Figure 1) with an estimated area of 54,000 square miles 
(Soeder & Kappel, 2009). The Marcellus shale is estimated to hold up to 131 trillion 
cubic feet of technically recoverable natural gas (EIA, 2013). Across the U.S., natural gas 
resources in are abundant with an estimate of over 2,200 trillion cubic feet (Tcf) of 
technically recoverable natural gas, including 330 Tcf of proven reserves (U.S. 
Department of Energy, 2009b). 
 
 
 
 
Figure 1: Extent of Marcellus shale formation in northeast U.S. (Soeder & Kappel, 2009) 
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1.2. Research Objectives 
The goal of this thesis is to define the potential exposure pathways from shale gas 
development in the state of Pennsylvania. This is accomplished through the following 
three steps: (1) characterizing hydraulic fracturing wastewater and identifying the 
constituents that are potentially harmful to human health, (2) analyzing violation records 
and determining the factors that make a drilling operation less safe to the surrounding 
environment and human health, and (3) conducting an expert elicitation to determine 
what type of accidents are most likely to occur on-site and the frequency with which they 
happen. This information is then used to identify the exposure scenarios of most concern 
and develop models to estimate human health risk to the general public and on-site 
workers through these pathways. 
1.2.1. Flowback and Produced Water 
In the years after high-volume hydraulic fracturing came into widespread use in 
Pennsylvania, a large amount of data on flowback characteristics became available due to 
public and regulatory attention to the process. The purpose of this step was to compile 
available data from different sources into a single electronic database. The database was 
then used (1) to characterize the chemical constituents of flowback water and production 
brine from 92 Marcellus shale gas wells in the states of Pennsylvania, West Virginia and 
New York, and (2) to prioritize constituents based on a comparison of observed 
concentrations with allowable concentrations for drinking water. 
1.2.2. On-Site Violations 
The purpose of this research question was to analyze compliance data for factors 
that are associated with higher violation rates. This is accomplished by (1) comparing 
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violation rates of different types between conventional and unconventional wells in order 
to determine if there is any increased risk associated with the relatively new practice of 
unconventional shale gas development, (2) determining the factors that have an effect on 
the odds of a violation occurring given an inspection, and (3) analyzing violation rates 
among the largest operators in order to determine which companies are more likely to 
have violations. 
1.2.3. Failure Scenarios 
The objective of this analysis was to better understand human health risks as a 
result of operational failure incidents and regulatory violations during natural gas drilling 
in the Marcellus shale region. By identifying potential scenarios of concern regarding 
human health risks surrounding the natural gas drilling industry a survey of industry 
workers and regulators was developed and implemented to quantify the frequency of 
failure incidents and near-miss accidents, which is necessary for calculating risk. 
1.2.4. Risk Assessment 
Combining frequency of occurrence with violation data and wastewater analysis 
is then used to model failure scenarios of interest and calculate risk associated with them 
in order to inform more scientifically based regulations and procedural changes at 
hydraulic fracturing sites. In this step, residential and occupational exposure scenarios of 
concern are modeled based on the results of the violation and failure scenario analyses. 
Using this model, risk of exposure to high-priority chemicals found in flowback water 
from these scenarios is estimates using risk assessment guidelines provided by the U.S. 
EPA. 
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Chapter 2: Background 
2.1. Shale Gas Extraction 
2.1.1. Hydraulic Fracturing 
Hydraulic fracturing is the preferred stimulation method for shale gas extraction 
as it creates additional permeability for the gas recovery, which is not necessary for 
conventional gas production. This process uses pressurized water (typically 2 – 5 million 
gallons for each fracturing operation) mixed with chemical additives that behave as 
friction reducers and surfactants. Water composes roughly 80-90% of the fracturing fluid, 
along with 10-20% of a proppant, often sand, varying in particle size, while additives 
constitute 0.5 – 2% of the fracturing fluid, by weight. The hydraulic fracturing fluid is 
injected into the well and acts to expand fractures within the shale formation and to carry 
the proppant into those fractures, which holds them open in order to allow the trapped gas 
to diffuse to the well (Clark et al., 2013; NYSDEC, 2015; Rozell & Reaven, 2012). 
The types of chemical additives used in hydraulic fracturing fluid will vary 
depending on the characteristics of the well, and the geology, biology, hydrology, and 
chemical and mineralogical composition of the shale (U.S. EPA, 2015). Additives in 
fracturing fluid typically contain varying amounts of acid, corrosion inhibitors, friction 
reducers, gelling agents, scale inhibitors, and surfactants (Aminto & Olson, 2012; 
NYSDEC, 2015; U.S. EPA, 2015). The additives serve specific functions in the drilling 
process; gels are typically added in order to increase viscosity and reduce fluid losses, 
while acids act to clear cement debris from the wellbore and dissolve carbonate minerals 
to provide an open conduit (PADEP BOGM, 2010). Biocides are used to prevent 
microbial growth that may contaminate the methane gas or reduce well permeability. 
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Surfactants are used to increase the fluid recovery by reducing the tension between the 
fluid and surrounding materials (Kargbo et al., 2010). 
2.1.2. Flowback Water 
After the hydraulic fracturing process, a portion of the fracturing fluid (10 – 30%) 
will return to the surface as wastewater, which includes the chemical additives from the 
fracturing fluid accompanied by naturally occurring salts, radioisotopes, and other 
elements that exist in the shale formation (Alley et al., 2011; Zhang et al., 2014). Other 
compounds may form due to reactions between the additives and substances within the 
shale formation (NYSDEC, 2015). This wastewater is often categorized as flowback 
water – the water that is released within the first two weeks of completing the hydraulic 
fracturing process – and produced water or production water- the naturally occurring 
water that flows to the surface throughout the production lifespan of a well (Schramm, 
2011; Vidic et al., 2013). Both will be referred to as flowback water here. 
Certain chemicals in hydraulic fracturing fluid and flowback water have the 
potential to cause severe adverse health effects after chronic or even acute exposure 
(Balaba & Smart, 2012; Colborn et al., 2014). Studies that have characterized flowback 
water in order to identify potential human health hazards have found that hydraulic 
fracturing wastewater generally has very high concentrations of salts and total dissolved 
solids (TDS), as well as levels of radionuclides, metals, and organic compounds that 
could be harmful to human health (Balaba & Smart, 2012; Blauch et al., 2009; Dresel & 
Rose, 2010; Haluszczak et al., 2013; Hayes, 2009). 
  
 10 
2.2. Shale Gas Regulation 
2.2.1. Federal Regulations 
Regulation of the shale gas industry is primarily handled at the state level 
(Richardson, 2013). While the federal government does play a role in shale gas 
development, particularly regarding air and water quality as well as the protection of 
endangered species, state governments regulate drilling permits, well location, drilling 
methods, casing and plugging, and waste disposal for most oil and gas wells (Lutz et al., 
2013; Richardson, 2013). In addition, the oil and gas industry is exempt from several 
laws and regulations that protect the environment, such as the Clean Air Act (42 U.S.C. 
§7401), the Clean Water Act (33 U.S.C. §§1251-1387), and the Safe Drinking Water Act 
(42 U.S.C. § 300f), among others (Centner & O'Connell, 2014). Therefore, states that 
have shale gas development have comprehensive laws and regulations that are intended 
to allow gas exploration safely. 
2.2.2. Shale Gas in Pennsylvania 
In Pennsylvania, the Department of Environmental Protection (DEP) oversees the 
regulation of natural gas production in the state. In 2012, Act 13 was signed into law by 
Governor Tom Corbett, which included comprehensive updates to the oil and gas law 
defined in Title 58 of the Pennsylvania Consolidated Statutes. While the act provided 
stricter guidelines for unconventional gas in the form of increased setback distances 
(from 1,000 ft. to 2,500 ft.) for wells and establishing an unconventional well impact fee, 
it also included a ‘uniformity provision’ that would preempt all local and municipal 
zoning ordinances related to shale gas development as an attempt to maintain consistent 
standards statewide (Hatzenbuhler & Centner, 2012). This provision was ruled 
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unconstitutional and in violation of the Environmental Rights Amendment of the state 
constitution (Pa. Const. art. I § 27) in 2013 after being heavily contested in court by 
environmentalists and municipalities, as it would have stripped municipalities of their 
zoning rights and require them to allow shale gas development in all zoning areas 
(Hatzenbuhler & Centner, 2012; Phillips, 2015; "Robinson Township v. Commonwealth 
of Pennsylvania," 2013). 
In addition, under Act 13, drillers were required to submit reports to the DEP 
detailing the chemicals used in the hydraulic fracturing process that were made available 
to the public on FracFocus.org; prior to this, drillers were not required to disclose these 
chemicals as they were given proprietary status for being trade secrets.  
Operators are also required to report incidents such as spills or accidents that 
violate any oil and gas regulations defined in the Pennsylvania code in addition to 
complying with routine inspections by the DEP and responding to public complaints. Act 
13 also includes a penalty increase for drillers found in violation to $75,000. The DEP 
provides electronic records of all inspection reports and notices of violation on their 
website, which are available for the public to download. 
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2.3. Risk From Shale Gas Development 
As drilling activity increases, so do concerns about environmental and human 
health effects, such as air pollution from volatile compounds (Annevelink et al., 2016; 
Bloomdahl et al., 2014; Bunch et al., 2014; Colborn et al., 2014; Esswein et al., 2012), 
stray gas migration into shallow aquifers (Ingraffea et al., 2014; Jackson et al., 2013; 
Osborn et al., 2011; Siegel et al., 2015b; Vengosh et al., 2014), and water resource 
contamination from improper disposal or accidental release of flowback water (Beaver, 
2014; Brantley et al., 2014; Gordalla et al., 2013; Rozell & Reaven, 2012; Vengosh et al., 
2014; Warner et al., 2013; Wilson & Van Briesen, 2013). 
2.3.1. Environmental Risk 
Researchers have studied the different aspects of the drilling and development 
processes in order to assess the risks associated with shale gas and find any gaps in state 
regulations of the industry. The treatment, disposal, and potential discharge into surface 
water of industrial brines produced from the hydraulic fracturing process have been a 
great source of environmental concern (Beaver, 2014; Rozell & Reaven, 2012; Wilson & 
Van Briesen, 2013). Rozell and Reaven (2012) found the risk associated with hydraulic 
fracturing wastewater disposal to be orders of magnitude greater than any other water 
contamination pathway from natural gas development. It should be noted, however, that 
the work of Rozell and Reaven took place before municipal wastewater treatment plants 
stopped accepting waste from shale gas activity due to policy implemented by the 
Pennsylvania DEP restricting this practice. The replacement of this practice by various 
combinations of treatment, reuse, and underground injection may subsequently have 
reduced risks (Ferrar et al., 2013; Lutz et al., 2013). 
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Substantial amounts of water (2 – 5 million gallons) are required in order to 
fracture a single well. Water withdrawals required for shale gas extraction can be a stress 
on fresh water supplies (Small et al., 2014; Soeder & Kappel, 2009). Recently, more and 
more operators are choosing to recycle wastewater produced from the process, reducing 
the amount of fresh water needed for each operation and mitigating issues regarding 
treatment and disposal of flowback water and production brine (Lutz et al., 2013). The 
percentage of flowback water recycled for hydraulic fracturing in the Marcellus shale 
increased from 13% before 2011 to 56% in 2011 due to the changes in regulations and 
constraints on other treatment and disposal options (Lutz et al., 2013). According to PA 
DEP records, this percentage increased to 87% as of 2012 (Brantley et al., 2014). 
Another issue arising from shale gas development is the potential for methane 
migration into fresh groundwater supplies (Jackson et al., 2013; Osborn et al., 2011; 
Vidic et al., 2013). While many studies examine incidents of elevated methane levels in 
drinking water, the way in which methane migrates into groundwater supplies is still 
unclear. A recent study of 11,309 samples of dissolved methane from domestic water 
wells in Northeast Pennsylvania found no significant increase in methane concentrations 
with proximity to oil and gas wells (Siegel et al., 2015a). In another study of water wells 
in NE Pennsylvania, Molofsky et al. (2013) found that elevated methane concentrations 
were better correlated with geologic features rather than shale gas activity. 
2.3.2. Human Health Risk 
The U. S. Environmental Protection Agency’s (EPA) draft hydraulic fracturing 
risk assessment report examining the potential impacts on drinking water resources from 
various stages in the hydraulic fracturing water cycle did not find any evidence of 
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systemic impacts on drinking water sources from shale gas activities. The potential 
mechanisms to contaminate drinking water are generally accidents such as spills of 
hydraulic fracturing fluids and produced water, fracturing directly into drinking water 
supplies, and inadequate treatment of wastewater. However, the number of identified 
cases of any of these scenarios is quite small when compared to the total number of shale 
gas wells drilled in the United States (U.S. EPA, 2015). 
Small et al. (2014) provides an overview of risk associated with shale gas 
development while also identifying unresolved questions that require more knowledge, 
including risk to water resources, air quality, climate change impacts, as well as public 
health impacts. While there is sufficient knowledge regarding surface water 
contamination, the effects on subsurface groundwater and soil are not as clear. Stray 
gases, spills, leaks, and accidental releases of wastewater are noted as potential risk to 
surface water and groundwater. However, there appears to be no systematic evidence of 
these types of failures as there are some uncertainties about the effects of the exposure 
pathways on human health. Workers and residents are vulnerable to dermal, inhalational, 
food, and water pathways, among others, from natural gas development. Identifying these 
pathways and quantifying their severity in order to determine risk is an important step in 
developing mitigation plans and strategies. 
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Chapter 3: Characterization of Flowback Water 
3.1. Introduction 
Understanding the composition of flowback water is an important step in 
assessing risk from exposure to hydraulic fracturing wastewater. While the constituents 
found in flowback water and their concentrations will vary from one well to another, this 
analysis is intended to serve as a preliminary prioritization of contaminants that are 
present in flowback water by compiling all publicly available sampling data and 
comparing contaminant concentrations to drinking water standards. Prior to this study, 
these data had not been compiled into a single electronic database. 
3.2. Background 
Studies have found that flowback water generally contains high levels of salts, 
radioisotopes, as well as aromatic hydrocarbons and synthetic compounds. Balaba and 
Smart (2012) suggest that flowback waters and brines may be composed of high 
concentrations of various constituents such as arsenic, barium, strontium, selenium, 
magnesium, manganese, sulfates, and radionuclides. Their concentrations have wide 
ranges, with sodium (50 – 40,000 ppm), chloride (5,000 – 80,000 ppm), and barium (50 – 
9,000 ppm), and total dissolved solids (1,000 – 150,000 ppm) having particularly high 
concentrations. The variability in concentrations depend on the different regional shale 
composition and the different chemical additives used in the fracturing fluid, which give 
the fluid a high ionic strength allowing it to form different compounds in the process 
(Balaba & Smart, 2012; Shaffer et al., 2013). 
Several studies have been conducted in an attempt to characterize the constituents 
that are found in flowback water from numerous locations across the Marcellus shale 
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region. In 1985, Dresel and Rose (2010) sampled brines from 40 wells in western 
Pennsylvania and reported results for 22 constituents found in those brines. Mean 
concentrations for several constituents, such as Ra-226 (2,200 pCi/L), Cl (102,000 mg/L), and Ba (900 mg/L) were found to be greater than allowable EPA drinking water 
standards. Additionally, the researchers found concentrations of iron in the brines, which 
had a mean of 200 mg/L, to be a function of steel corrosion in the gas wells (Dresel, 
1985; Dresel & Rose, 2010). 
Blauch et al. (2009) collected more than 100 flowback samples over 18 months 
from both the southwestern and northeastern regions of the Marcellus Shale play in order 
to address the issue of high salinity from flowback water. Concentrations of chloride up 
to 100,000 mg/L were found, depending on the number of days after fracturing. 
Haluszczak et al. (2013) also conducted a study in which flowback waters and production 
brine samples collected from various sources were evaluated. In this analysis, 
concentrations of Cl ranging from 1,070 to 151,000 mg/L were found depending on the 
flowback day. Other constituents with high concentrations include Ra-226 (73 to 6540 
pCi/L), Ba (76 to 13,600 mg/L), Mg (22 to 1,800 mg/L), K (8 to 1,010 mg/L), and Ca 
(204 to 14,800 mg/L). 
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3.3. Methods 
3.3.1. Data Collection 
Data were compiled from four sources containing detailed chemical analysis of 
flowback water and production brine in Pennsylvania to develop a single database of over 
35,000 observations. The sampling dates of the data range from March 2008 to December 
2010. The well locations in the state of Pennsylvania are shown in Figure 2 (Created 
using Google Maps – ©2014 Google). Table 1 shows the number of wells, constituents, 
and data entries obtained from each source. Descriptions of each of the sources are as 
provided below: 
(1) Industry data released by the Environmental Protection Agency (EPA) from 6 
different well operators (Atlas Resources, Cabot Gas and Oil Corp., Chesapeake Energy, 
Range Resources, SWEPI, and Talisman Energy). The data were released to the EPA 
through the Freedom of Information Act in 2011 and in compliance with Section 308 of 
the Clean Water Act after the EPA’s Mid-Atlantic Region issued information requests to 
the six drilling companies that hold a majority of all the natural gas drilling permits in 
Pennsylvania. The EPA requested full disclosure of the operators’ disposal and recycling 
procedures of wastewater generated from the hydraulic fracturing process (U.S. EPA, 
2011b). This data source accounts for a small proportion of the overall observations but 
does cover a relatively large number of wells (20), although as a result these wells are 
characterized somewhat sparsely. 
(2) Flowback data from 19 Marcellus horizontal-fracturing wells released by the 
Marcellus Shale Coalition in a Gas Technology Institute report (Hayes, 2009). Samples 
were obtained from locations labeled A through S from injected water (designated as day 
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0) as well as after 1, 5, 14, and 90 days of flowback. Sixteen wells were scattered 
throughout the state of Pennsylvania, while the other 3 wells were located in the northern 
section of the state of West Virginia. The sampling results were tabulated into three 
categories: general chemistry, metals, and organic compounds (Hayes, 2009). This source 
accounts for the great majority of observations (75% of the total observations). 
(3) Radiological data obtained from the Draft Supplemental Generic 
Environmental Impact Statement (SGEIS) on the Oil, Gas and Solution Mining 
Regulatory Program from the New York State Department of Environmental 
Conservation (NYSDEC). The draft addresses permit and licensure for Marcellus Shale 
drilling and hydraulic fracturing while reporting results of radiological constituents found 
in flowback water collected from wells located in New York State (NYSDEC, 2015). 
While this is a relatively small database, it provided valuable information on 
radionuclides, a group of contaminants of particular concern. 
(4) A set of flowback water samples from Marcellus gas wells collected by the 
Pennsylvania Department of Environmental Protection, Bureau of Oil and Gas 
Management (BOGM). Samples were collected by the DEP from various drilling sites 
around Pennsylvania and analyzed in DEP laboratories. All samples collected were either 
from active drilling sites or from the most recent flowback impoundments (PADEP 
BOGM, 2010). This was the second largest source of observations, accounting for 22% 
of the total observations. 
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Figure 2: Flowback water sample locations in Pennsylvania by county 
 
 
 
Table 1: Number of wells, constituents, and data entries in each data source 
Source Number of Wells 
Number of 
Constituents 
Number of Data 
Entries 
EPA Industry Data 20 197 853 
Pennsylvania DEP BOGM 40 240 7,689 
NYSDEC SGEIS Report 13 94 244 
Marcellus Shale Coalition GTI Report 19 275 26,144 
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3.3.2. Statistical Analysis 
Data from all four sources were compiled into one database using SPSS (IBM, 
Inc., Armonk, NY), an analytical statistics program, in order to perform statistical 
analysis. For each constituent, descriptive statistics (minimum, maximum, mean, standard 
deviation and 95th percentiles) were calculated. In cases where the concentrations were 
not detected, the results were calculated as half of the detection limit to minimize the 
maximum possible error for each observation. 
Maximum Contamination Levels (MCLs) are the maximum permissible amount 
of a contaminant in water that is delivered to the public established under the Safe 
Drinking Water Act. The ratios of concentrations to MCL guidelines were used in order 
to prioritize among the many constituents in flowback water. This provided a 
straightforward method of screening constituents for possible health concerns. However, 
exceeding an MCL is not interpreted as an indication that the constituent poses a health 
risk, as a plausible exposure pathway would need to be present for the constituent, and 
attenuation of concentrations after release would need to be considered.  
Maximum Contamination Level Goals (MCLGs) are the concentrations of 
contaminants below which no adverse health effects are expected. MCLGs are more 
conservative public health goals that allow for a margin of safety, but are not enforceable. 
MCLs were chosen as a screening method over MCLGs because they are mandatory 
standards that account for treatment technology efficiency and cost. In addition, the 
MCLG for all carcinogenic contaminants is zero, which would lead to many 
contaminants found in flowback water being flagged as high-priority while only being 
found in trace amounts. 
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For the highest priority constituents (constituents with mean concentrations that 
were over 10 times greater than the MCL), concentrations were compared by county 
using a non-parametric analysis of variance (Kruskal-Wallis test) in order to determine if 
there were any significant correlations between the mean concentrations and geographical 
locations. Mean concentrations for each constituent were also compared by source to 
determine the necessity for combining all available datasets. The highest priority 
constituents were then paired by sample in order to find any relationships between the 
contaminants using Spearman’s Rank-order correlation (Appendix A).   
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3.4. Results 
Tables 2 through 6 present summaries of the concentrations of contaminants from 
the collected flowback water sampling data. Results are categorized by different classes 
of contaminants according to the Maximum Contamination Level guidelines: inorganic 
chemicals, radionuclides, secondary contaminants, synthetic organic compounds, and 
volatile organic compounds. The results also show a comparison between the mean 
concentration and the Maximum Contamination Level for each constituent. The 
highlighted rows in each table represent the constituents for which the mean 
concentration was greater than the MCL. Figures 3 through 7 represent the median, 5th 
percentile, and 95th percentile of the concentration/MCL ratios for each constituent. 
3.4.1. Comparison to Drinking Water Standards 
3.4.1.1. Inorganics 
The mean concentrations for several inorganic chemicals exceeded the allowable 
MCL. Barium and thallium had mean concentrations over ten times greater than their 
respective MCLs. Barium, in particular, was present in flowback water at exceedingly 
high concentrations with a mean of 1,200 mg/L and a mean/MCL ratio of 590 (Table 2), 
which is slightly higher than the mean concentration from Dresel and Rose (2010). Figure 
3 shows that the ratios for barium have the most variability, with the mean/MCL ranging 
from less than 0.1 to over 14,000,000. The distribution of thallium, in contrast, shows that 
for this constituent the mean/MCL ratios are consistently greater than 1, meaning that 
most of the sample results exceed the MCL. These constituents present a number of 
different health effects (see (U.S. EPA, 2009) for information on health impacts of 
drinking water contaminants).  
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Table 2: Concentrations of inorganic chemicals in flowback water 
Constituent Units N # of Detects Median Mean MCL
1 Mean/ MCL2 
Antimony* µg/L 186 73 50 39 6 6.5 
Arsenic* µg/L 219 97 50 49 10 4.9 
Barium µg/L 220 219 164,000 1,200,000 2,000 590 
Beryllium µg/L 216 8 20 15 4 3.8 
Cadmium µg/L 218 88 12.3 17 5 3.3 
Chromium µg/L 220 115 14.7 30 100 0.3 
Copper* µg/L 219 101 12.5 1,200 1,300 1.2 
Cyanide µg/L 86 37 5 36 200 0.18 
Fluoride µg/L 86 20 500 1,800 4,000 0.5 
Lead µg/L 212 138 25.2 52 15 3.5 
Mercury µg/L 182 111 0.1 0.50 2 0.25 
Nitrate as N µg/L 92 37 25 760 10,000 0.08 
Nitrite as N µg/L 91 46 110 8,400 1,000 8.4 
Selenium µg/L 196 98 25 33 50 0.7 
Thallium µg/L 192 101 18.7 71 2 36 
1 MCL from EPA Drinking Water Standards  
2 Highlighted rows indicate Mean/MCL ratio > 1 
* Chemicals listed as known fracturing fluid additives (FracFocus.org) 
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Figure 3: Concentration/maximum contamination level (MCL) ratios for inorganics in flowback 
water. The circles represent the median and the whiskers show the 5th and 95th percentiles 
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3.4.1.2. Volatile Organic Compounds 
From the results in Table 3, there are three VOCs that have high concentrations in 
flowback water, despite the fact that they are not listed as known hydraulic fracturing 
fluid additives (FracFocus, 2013). Benzene, which has the potential for increasing cancer 
risk in exposed individuals, is high priority as it has a mean/MCL ratio of 19. From 
Figure 4, it can be seen that most of the sample results for benzene exceeds the MCL. 
 
 
 
Table 3: Concentrations of volatile organic compounds in flowback water 
1 MCL from EPA Drinking Water Standards  
2 Highlighted rows indicate Mean/MCL ratio > 1 
* Chemicals listed as known fracturing fluid additives (FracFocus.org) 
 
 
 
  
Constituent Units N # of Detects Med. Mean MCL
1 Mean/ MCL2 
1,1,1-Trichloroethane µg/L 128 0 2.5 2.7 200 0.013 
1,1,2-Trichloroethane µg/L 128 0 2.5 2.7 5 0.54 
1,2-Dichloroethane µg/L 129 11 2.5 5.9 5 1.2 
1,2-Dichloropropane µg/L 128 0 2.5 2.7 5 0.54 
1,2,4-Trichlorobenzene* µg/L 152 1 2.5 3.3 70 0.05 
Benzene µg/L 143 52 2.5 97 5 19 
Carbon Tetrachloride µg/L 128 0 2.5 2.7 5 0.54 
Ethylbenzene* µg/L 128 27 2.5 19 700 0.03 
Styrene* µg/L 128 1 2.5 4.7 100 0.05 
Toluene* µg/L 143 63 2.5 200 1,000 0.21 
Vinyl chloride µg/L 87 0 2.5 2.5 2 1.20 
Xylenes (total)* µg/L 87 45 7.5 270 10,000 0.03 
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Figure 4: Concentration/maximum contamination level (MCL) ratios for VOCs in flowback water. 
The circles represent the median and the whiskers show the 5th and 95th percentiles 
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3.4.1.3. Synthetic Organic Compounds 
Several of the synthetic organic compounds shown in Table 4 have mean 
concentrations that exceed the allowable MCL. In particular, dibromochloromethane has 
a mean/MCL ratio of 14. Prolonged exposure to this chemical is associated with an 
increased risk of cancer, as well as kidney and liver problems (U.S. EPA, 2009). 
However, it should be noted that all of the 128 samples for dibromochloromethane fell 
below the detection limit, and the mean concentration of 2.9 μg/L was calculated by 
replacing the values with half the detection limit. Figure 5 shows the distribution of 
mean/MCL ratios for dibromochloromethane, which has a 95th percentile of over 10. 
 
 
 
Table 4: Concentrations of synthetic organic compounds in flowback water 
Constituent Units N # of Detects Med. Mean MCL
1 Mean/ MCL2 
Benzo(a)pyrene µg/L 111 2 2.5 2.6 0.2 13 
Chlordane (Technical) µg/L 48 0 2.5 0.025 2 0.013 
Dibromochloromethane µg/L 128 0 2.5 2.9 0.2 14 
Dinoseb µg/L 110 0 9.5 5 7 0.71 
Endrin µg/L 73 1 0.05 0.88 2 0.44 
Heptachlor µg/L 73 11 0.05 0.80 0.4 2.01 
Heptachlor Epoxide µg/L 73 3 0.05 1.1 0.2 5.5 
Hexachlorobenzene µg/L 111 2 2 0.84 1 0.84 
Hexachlorocyclopentadiene µg/L 111 0 9.5 1.3 50 0.026 
Methoxychlor µg/L 73 0 0.098 4.3 40 0.11 
Pentachlorophenol µg/L 111 0 9.5 4.7 1 4.7 
Toxaphene µg/L 49 0 1.9 0.98 3 0.33 
1 MCL from EPA Drinking Water Standards  
2 Highlighted rows indicate Mean/MCL ratio > 1 
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Figure 5: Concentration/maximum contamination level (MCL) ratios for SOCs in flowback water. 
The circles represent the median and the whiskers show the 5th and 95th percentiles 
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3.4.1.4. Secondary Contaminants 
Secondary Maximum Contaminant Levels (SMCLs) are non-mandatory water 
quality standards that are not enforced by the EPA as they do not pose any known human 
health risks. However, contaminants such as chloride and total dissolved solids, which 
exist at high concentrations in flowback water (Table 5), still can present quality and 
treatment issues concerning drinking water. The maximum concentration of Chloride in 
this study is much higher than concentrations published by Blauch et al. (2009); Dresel 
and Rose (2010). 
 
 
 
Table 5: Concentrations of secondary contaminants in flowback water 
1 MCL from EPA Drinking Water Standards  
2 Highlighted rows indicate Mean/MCL ratio > 1 
* Chemicals listed as known fracturing fluid additives (FracFocus.org) 
 
 
 
  
Constituent Units N # of Detects Med. Mean MCL
1 Mean/ SMCL2 
Aluminum µg/L 220 170 286 810 200 4.07 
Chloride* µg/L 141 141 33,000,000 47,000,000 250,000 190 
Iron µg/L 233 228 29,700 49,000 300 160 
Manganese* µg/L 220 216 2,165 3,300 50 68 
pH µg/L 138 138 6.6 6.7 6.5 - 8.5  
Silver µg/L 216 13 2.5 3.7 100 0.037 
Sulfate* µg/L 142 103 29,000 75,000 250,000 0.30 
TDS µg/L 141 141 55,000,000 83,000,000 500,000 170 
Zinc µg/L 220 196 118 2,200 5,000 0.44 
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Figure 6: Concentration/secondary maximum contamination level (SMCL) ratios for secondary 
contaminants in flowback water. The circles represent the median and the whiskers show the 5th and 
95th percentiles 
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3.4.1.5. Radionuclides 
Table 6 presents the summary statistics for radionuclide concentrations in 
flowback water. Gross alpha and radium concentrations greatly exceed the 5 pCi/L MCL, 
while uranium concentrations tend to fall within drinking water guidelines. 
Concentrations of Radium-226 and Radium-228 from this study fall within the range of 
concentrations found in other studies (Dresel & Rose, 2010; Haluszczak et al., 2013). 
Long-term exposure to alpha particles and other radionuclides may lead to an increased 
risk of cancer (U.S. Environmental Protection Agency, 2009). However, as shown in 
Table 6, the sample sizes for these contaminants are relatively small, resulting in large 
uncertainty in the distribution of these constituents in flowback water and production 
brines. 
 
 
 
Table 6: Concentrations of radionuclides in flowback water 
Constituent Units N # of Detects Median Mean MCL
1 Mean/ MCL2 
Gross Alpha pCi/L 14 14 13,000 20,600 15 1,400 
Radium-226 pCi/L 34 34 1,300 3,800 5 750 
Radium-228 pCi/L 30 30 230 460 5 92 
Uranium-234 pCi/L 11 11 0.77 1.03 20 0.051 
Uranium-235 pCi/L 13 13 0.22 0.206 20 0.010 
Uranium-238 pCi/L 16 16 0.33 10 20 0.50 
1 MCL from EPA Drinking Water Standards  
2 Highlighted rows indicate Mean/MCL ratio > 1 
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Figure 7: Concentration/maximum contamination level (MCL) ratios for radionuclides in flowback 
water. The circles represent the median and the whiskers show the 5th and 95th percentiles 
 
 
 
3.4.2. Comparison by County 
Priority was given to contaminants for which the mean concentrations were over 
10 times greater than the allowable MCL. The results of those constituents were sorted by 
county in order to examine geographic effects of concentrations in flowback. A non-
parametric one-way analysis of variance (Kurskal-Wallis test) was conducted in SPSS to 
determine if the differences in concentrations for each constituent varied significantly by 
county. Of the 12 constituents tested, 10 of the tests yielded significant differences in 
concentrations across different counties. However, plotting the results for each county 
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revealed great variability even within the county making it difficult to draw conclusions. 
The variation in sample size for each county as well as the potential clustering of samples 
by well and operator makes it impossible to say whether these differences should be 
attributed to well-level effects, operator-level effects, or geographic effects. Benzene, for 
example, had a high level of significance indicating that concentrations were not 
uniformly distributed across counties. From the variability of the results in Figure 8, it is 
evident that concentrations can vary over three orders of magnitude within a county, 
making it difficult to associate particular counties with high or low levels of benzene. 
 
 
 
 
Figure 8: Median concentrations of benzene by county. The range indicates the 95th and 5th 
percentiles. 
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3.5. Discussion 
This study combined four existing databases on flowback water and production 
brine samples collected from Marcellus shale gas wells in the states of Pennsylvania, 
New York, and West Virginia. If the different component databases provide consistent 
information, then there might be relatively little advantage to combining them. To assess 
this, a one-way ANOVA was conducted in SPSS to examine the equality of mean, and 
over 60% of the constituents tested revealed significant differences (significance level = 
0.05) in mean concentrations from each data source. The analysis also revealed that the 
samples obtained from the EPA had the highest salinity, while the samples from the 
Pennsylvania DEP had the highest average concentrations for most of the constituents. 
This is an indication that higher salinity does not necessarily correlate with higher 
concentrations of other inorganic constituents. The existence of database effects raises the 
question as to how to properly weight the different data sources for developing an overall 
characterization of flowback water. Developing such a weighting would require 
comprehensive information on existing wells and was outside of the scope of this study. 
In the authors’ view, precisely weighting the different databases was less critical than 
using a diverse set of inputs to the screening analysis conducted by this study, such that 
ranges of constituent concentrations reflect input from a variety of wells. 
The sampling data revealed exceedingly high concentrations of various classes of 
contaminants, including disinfectants, dissolved metals, and volatile organic compounds. 
Many of these contaminants can pose serious health risks if present in drinking water. By 
setting an arbitrary cut-off point (Mean/MCL > 10), a manageable summary of the 
highest priority constituents in flowback water is presented. In particular, barium, gross 
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alpha, chloride, dibromochloromethane, and benzene had mean concentrations over 10 
times greater than the allowable Maximum Contamination Level (U.S. EPA, 2009) for 
each constituent (Tables 2 – 6). With the exception of chloride, none of these constituents 
is listed as a known chemical additive to fracturing fluid (Aminto & Olson, 2012; 
FracFocus, 2013). 
In addition to the potential health risks and water contamination associated with 
Marcellus shale wastewater, high concentrations of salts, radionuclides and dissolved 
solids can pose difficulties regarding the disposal, treatment, and re-use of flowback and 
produced waters. The Marcellus region does not generally have suitable geology for 
underground injection as a method of wastewater disposal (Lutz et al., 2013; Veil & 
Clark, 2011). The growth of the industry has also caused changes in regulations that 
restrict the discharge of flowback, brine, or produced water to municipal wastewater 
treatment facilities. The remaining treatment options are treating wastewater at private, 
industrial facilities, or partial treatment for internal re-use (Lutz et al., 2013). The 
percentage of flowback water recycled for hydraulic fracturing increased from 13% 
before 2011 to 56% in 2011 due to the changes in regulations and constraints on other 
treatment and disposal options (Lutz et al., 2013; Rahm et al., 2013).  While naturally this 
analysis cannot substitute for a site-specific analysis when developing treatment systems, 
it can provide an overview of which constituents are likely to be issues across different 
sites. 
One of the major concerns for flowback and produced water is TDS removal. As 
indicated in Table 5, TDS levels range between 221 – 345,000 mg/L. Chemical 
precipitation processes such as coagulation and flocculation can be used to remove 
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suspended solids and inorganic scale-forming compounds, but are not effective for 
removing dissolved solids (Fakhru'l-Razi et al., 2009). A study of shale gas wastewater 
effluent from publicly owned treatment facilities found that even after treatment through 
filtration or flocculation, certain inorganic solids remained at unacceptable mean and 
maximum concentrations when compared to various drinking water standards (Ferrar et 
al., 2013). While organic compounds may have been removed to acceptable levels, 
inorganics such as magnesium, chloride, and total dissolved solids were not reduced to 
drinking water MCLs after undergoing various physical treatment processes for 8 – 12 
hours of residence time (Ferrar et al., 2013). 
While some industrial facilities may have the capability of removing ions to 
reduce TDS from shale gas wastewater (Lutz et al., 2013), the results in Table 6 indicate 
that flowback water also contains high mean concentrations of alpha particles (20,600 
pCi/L), Radium-226 (3,800 pCi/L), and Radium-228 (460 pCi/L). High concentrations of 
radionuclides and organic compounds found in flowback and produced waters can pose 
significant difficulties when treating and reusing flowback water. Radionuclide particles 
can be removed through different treatment processes such as reverse osmosis, 
precipitation, or ion exchange, but some percentage of radium will remain in the effluent 
(Zhang et al., 2014), and these processes will serve to concentrate the radionuclides, 
which may require disposal of the treatment residuals in specialized facilities. 
Organic compounds, as well as some dissolved metals, can also be removed 
through adsorption using porous materials such as activated carbon, organoclays, or 
zeolite. This treatment method can have a high retention time and becomes less efficient 
at higher concentrations (Fakhru'l-Razi et al., 2009). The high concentrations of benzene 
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(0.25 – 2,000 μg/L) found in flowback water (Table 3) can reduce the run lengths of 
adsorptive processes. In some cases, a percentage of organic and radioactive materials 
will accumulate even after treatment, making 100% re-use not possible without dilution 
of flowback water with fresh water (NYSDEC, 2015). 
Calculating the Spearman’s Rank correlation for the top priority constituents, 
there does not appear to be any strong relationship between chloride concentrations and 
chlorinated solvents (ρ < 0.7). Chloride did have strong correlations with manganese (ρ = 
0.770) as well as with radium-226 (ρ = 0.738), and radium-228 (ρ = 0.892). Organic 
constituents, however, have strong relationships with each other, but no relationships 
appear between organic compounds and inorganics or with naturally occurring 
constituents. The Spearman’s correlation for benzene with dibromochloromethane was 
0.762. Correlations between radionuclides were also strong (ρ = 0.907) indicating that 
high concentrations of alpha particles would likely be accompanied with higher 
concentrations of radium. However, the anthropogenic chemicals dibromochloromethane 
was not strongly correlated with chloride, or with inorganic constituents (Appendix A). 
Comparing the results geographically did not yield any readily interpretable 
results. Since there was a great amount of variability in the concentrations of each 
contaminant in different counties, county alone does not appear to be a determinant of 
concentration. It is likely that the samples were collected from different wells within the 
same county, but given the limitations of the data, it was generally not possible to 
identify each sample by well. For this reason, it was not possible distinguish well-level 
effects from regional effects. 
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There are several limitations associated with this analysis. One limiting factor is 
that the data were not controlled for flowback day. As the data were collected from 
various sources with inconsistent documentation, it was not possible to sort the 
concentrations of all the contaminants by the day of flowback. While this may be 
adequate for approximating the conditions in a holding pond or storage lagoons (in which 
flowback and production brines from different times are mixed), it may not be 
quantitatively representative of the actual proportions of flowback and production brines 
from different time periods. Additionally, directly comparing concentrations to MCLs is 
a somewhat simplistic approach since the concentrations would likely be attenuated due 
to natural environmental processes. The results of this analysis do not necessarily indicate 
that the MCL for any particular constituent will be exceeded if flowback water is released 
into the environment.  
 45 
List of References 
 
 
 
 
Aminto, A., & Olson, M. S. (2012). Four-compartment partition model of hazardous 
components in hydraulic fracturing fluid additives. Journal of Natural Gas 
Science and Engineering, 7, 16.  
Balaba, R. S., & Smart, R. B. (2012). Total Arsenic and Selenium Analysis in Marcellus 
Shale, High-Salinity Water and Hydrofracture Flowback Wastewater. 
Chemosphere., 89, 1437.  Retrieved from 
http://www.sciencedirect.com/science/article/pii/S0045653512007989 
Blauch, M. E., Myers, R. R., Moore, T. R., Lipinski, B. A., & Houston, N. A. (2009). 
Marcellush Shale Post-Frac Flowback Waters - Where is All the Salt Coming 
From and What are the Implications? Society of Petroleum Engineers, Eastern 
Regional Meeting: Charleston, WV, September 23–25, 2009. Paper SPE 125740.  
Dresel, P. E. (1985). The Geochemistry of Oilfield Brines from Western Pennsylvania. 
(M.S.), Pennsylvania State University.    
Dresel, P. E., & Rose, A. W. (2010). Chemistry and Origin of Oil and Gas well Brines in 
Western Pennsylvania. Pennsylvania Geological Survey, 4th series.  
Fakhru'l-Razi, A., Pendashteh, A., Abdullah, L. C., Biak, D. R. A., Madaeni, S. S., & 
Abidin, Z. Z. (2009). Review of technologies for oil and gas produced water 
treatment. Journal of Hazardous Materials, 170, 530.  Retrieved from 
http://www.sciencedirect.com/science/article/pii/S030438940900778X 
Ferrar, K. J., Michanowicz, D. R., Christen, C. L., Mulcahy, N., Malone, S. L., & 
Sharma, R. K. (2013). Assessment of Effluent Contaminants from Three Facilities 
Discharging Marcellus Shale Wastewater to Surface Waters in Pennsylvania. 
Environmental Science and Technology, 47, 3472.  Retrieved from 
http://pubs.acs.org/doi/abs/10.1021/es301411q 
FracFocus. (2013). Chemical Disclosure Registry.   Retrieved from http://Fracfocus.org 
 46 
Haluszczak, L. O., Rose, A. W., & Kump, L. R. (2013). Geochemical evaluation of 
flowback brine from Marcellus gas wells in Pennsylvania, USA. Applied 
Geochemistry, 28, 55-61. doi:10.1016/j.apgeochem.2012.10.002 
Hayes, T. (2009). Sampling and analysis of water streams as- sociated with the 
development of Marcellus shale gas. . Report by Gas Technology Institute, Des 
Plaines, IL, for the Marcellus Shale Coalition.  
Lutz, B. D., Lewis, A. N., & Doyle, M. W. (2013). Generation, transport, and disposal of 
wastewater associated with Marcellus shale gas development. Water Resoures, 
49(647).  
NY State Department of Environmental Conservation. (2015). Final SGEIS on the Oil, 
Gas and Solution Mining Regulatory Program. Regulatory Program for 
Horizontal Drilling and High-Volume Hydraulic Fracturing to Develop the 
Marcellus Shale and Other Low-Permeability Gas Reservoirs.  
PA Department of Environmental Protection; Bureau of Oil and Gas Management. 
(2010). Hydraulic Fracturing Overview.   Retrieved from 
http://www.portal.state.pa.us/portal/server.pt/community/marcellas_shale/20296 
Rahm, B. G., Bates, J. T., Bertoia, L. R., Galford, A. E., Yoxtheimer, D. A., & Riha, S. J. 
(2013). Wastewater management and Marcellus Shale gas development: Trends, 
drivers, and planning implications. J Environ Manage, 120, 105.  Retrieved from 
http://www.sciencedirect.com/science/article/pii/S0301479713001175 
Shaffer, D. L., Arias Chavez, L. H., Ben-Sasson, M., Romero-Vargas Castrillon, S., Yip, 
N. Y., & Elimelech, M. (2013). Desalination and Reuse of High-Salinity Shale 
Gas Produced Water: Drivers, Technologies, and Future Directions. 
Environmental Science and Technology, 47, 9569.  Retrieved from 
http://pubs.acs.org/doi/abs/10.1021/es401966e 
U.S. Environmental Protection Agency. (2009). National Primary Drinking Water 
Contamination.  Retrieved from 
http://water.epa.gov/drink/contaminants/upload/mcl-2.pdf 
U.S. Environmental Protection Agency. (2011b). Mid-atlantic oil and gas extraction.   
Retrieved from http://www.epa.gov/region03/marcellus_shale/index.html 
 47 
Veil, J., & Clark, C. (2011). Produced Water Volume Estimates and Management 
Practices. Soc. Petroleum Eng., 26, 234.  
Zhang, T., Gregory, K., Hammack, R. W., & Vidic, R. D. (2014). Co-precipitation of 
radium with barium and strontium sulfate and its impact on the fate of radium 
during treatment of produced water from unconventional gas extraction. 
Environmental Science and Technology, 48, 4596.  Retrieved from 
http://pubs.acs.org/doi/abs/10.1021/es405168b 
  
 49 
Chapter 4: Analysis of Compliance Violations  
4.1. Introduction 
As mentioned in Chapter 2, the regulation of the shale gas industry is primarily 
handled at the state level (Centner, 2013; Centner & O'Connell, 2014; Hatzenbuhler & 
Centner, 2012; Richardson, 2013). While there is some federal oversight of the industry, 
particularly regarding air and water quality, regulations and guidelines for drilling 
permits, well location, drilling methods, casing and plugging, and waste disposal for 
natural gas wells varies from state to state (Lutz et al., 2013; PADEP BOGM, 2014; 
Richardson, 2013).  
In Pennsylvania, the Department of Environmental Protection (DEP) oversees the 
regulation of natural gas production in the state. The DEP is also responsible for 
conducting routine inspections of wells, issuing violations, enforcing penalties and fines. 
According to the Pennsylvania code, inspections of natural gas wells are required at least 
once during each stage of production starting prior to the issuance of a permit and ending 
after the well has been plugged and abandoned (25 Pa. Code § 78.903). In addition to 
these scheduled inspections, the DEP relies on and incentivizes self-reporting by drillers 
whenever an incident or violation occurs on site, at which point an inspection and follow-
up inspections would occur. It is important to note, however, that the policy does not does 
not obligate the department to conduct these inspections, and simply serves as a timeline 
for when drillers could expect an inspection. In fact, reports show that a majority of 
active wells are not inspected by the DEP every year; 91% and 86% of active wells were 
not inspected in 2010 and 2011, respectively (EarthWorks, 2012).  
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4.2. Background 
The DEP is responsible for maintaining electronic records of all inspection reports 
and notices of compliance violation and making them accessible to the public on their 
website. Other researchers have studied the Pennsylvania compliance reports to analyze 
trends and frequency of inspection and violations in the shale gas industry. Ingraffea et al. 
(2014) suggest looking at well casing failures in order to better understand methane 
migration from shale gas wells. The study analyzed over 75,000 compliance records in 
order to determine the difference in frequency of well casing failures between 
conventional and unconventional wells by designating any inspection that mentioned 
wells casings or cementing as a “casing failure”. This study found a six-fold higher 
incidence of cementing and casing impairments for unconventional shale gas wells than 
for conventional natural gas wells. They also found that the risk of casing impairments 
increased 1.57 times for unconventional wells relative to conventional wells for all wells 
drilled after 2009.  
Manda et al. (2014) evaluate the likelihood of environmental violations at multi-
well pads versus single-well pads on the rate of environmental violations. The study 
found that environmental violations were more likely to occur on multi-well pads than on 
single-well pads. However, taking the total number of wells into account revealed that 
there were fewer violations per well on pads with multiple wells. 
Brantley et al. (2014) reviewed notices of violation issued by the Pennsylvania 
DEP through 2013 and found that almost 20% of shale gas wells in the state had received 
notices of violation. Of those violation records, 3.4% of all violations issued were related 
to construction issues, while 0.24% were relate to methane migration. They also 
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identified 161 instances between 2008 and 2012 where natural gas activity was 
implicated in contamination (Brantley et al., 2014). The study identified 32 major spills 
and leaks (> 400 gal.) in Pennsylvania between 2009 and 2013. Of those 32 incidents, 8 
were spills of flowback or produced water ranging from 4,200 gallons to over 57,000 
gallons (Brantley et al., 2014). 
Rahm et al. (2015) examined compliance records in Pennsylvania in order to 
estimate risk and identify its drivers. In this study, 3,267 shale gas violations between 
2007 and 2013 were evaluated. The researchers conducted a regression using the monthly 
rate of violation normalized to the number of new wells drilled in that time period as the 
dependent variable with several geographical, seasonal, temporal, and regulatory 
variables to predict the model. The results of their regression model suggested that a 
policy change in 2011 requiring senior administrator approval within the DEP for all 
notices of violation issued to unconventional shale gas operators was responsible for a 
45% decrease in the rate of certain environmental violations. It should be noted, however, 
that this policy was quickly rescinded after receiving criticism in the media. Rahm et al. 
(2015) attribute the decrease in violations to the policy change even though it was only 
briefly implemented, as it indicates a general restructuring within the DEP and the way in 
which violations were issued. The researchers also found a higher rate of environmental 
violations from spills and erosion with unconventional wells, while conventional wells 
had higher rates of cementing/casing failures and site restoration violations (Rahm et al. 
(2015). 
In this chapter, data from the Pennsylvania DEP compliance reports, production 
reports, and spud reports for natural gas wells are analyzed in order to determine the 
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factors that are associated with higher violation rates and compare violation rates between 
conventional and unconventional wells. Since unconventional drilling is a relatively new 
practice with more uncertainty associated with it, it is important to determine if there is 
any increased risk compared to conventional drilling, which has been in practice for 
much longer. Other parameters affecting violation rates examined in this chapter include 
yearly effects, regional effects, DEP efficiency, policy changes, and company-specific 
effects. 
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4.3. Methods 
4.3.1. Data 
Inspections and violation notices for natural gas wells in the state of Pennsylvania 
were compiled from the Pennsylvania DEP Compliance Report from January 1st 2000 to 
August 30th 2014. The compliance report includes 215,444 inspections records for 70,043 
conventional and unconventional wells with 31,567 notices of violation. The compliance 
database also includes descriptive information for each inspection conducted, such as the 
well ID, the name of the operator, and whether the well is conventional or 
unconventional. Unconventional wells are defined by the DEP as wells drilled in a shale 
formation below the base of the Elk Sandstone requiring horizontal drilling and hydraulic 
fracturing (25 Pa. Code §	78.1). 
The compliance report classifies violations into two categories: Administrative 
and Environmental/Health and Safety. Administrative violations involve issues with 
submitting paperwork, properly displaying well tags on-site, or reporting incidents and 
changes to the DEP. Environmental/Health and Safety violations potentially impact the 
surrounding environment or public health. These violations deal primarily with the 
storage and disposal of waste, well casing integrity, protecting water sources, and erosion 
and sediment control. Figure 9 shows the number of Administrative and 
Environmental/Health and Safety violations for conventional and unconventional wells 
each year between 2000 and 2014. 
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Figure 9: Number of Administrative and Environmental/Health and Safety violations for 
conventional and unconventional wells each year from 2000 to 2014  (Retrieved September 2014) 
 
 
 
Violation categories as described by the DEP, however, are not adequate to 
properly classify all violations. Environmental/Health and Safety violations include 
various different types of violations, some of which may not have impacts on human 
health or the surrounding environment. Similarly, there are violations that are classified 
as Administrative violations in the compliance report even though they could potentially 
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negatively impact surrounding water supplies. Violations codes were reviewed and 
grouped into categories that better reflect the nature of each violation (Table 7). 
 
 
 
Table 7: Violation categories of interest and the number of violations in each category 
Violation Category Number of Violations 
Waste discharge 1620 
Surface spills 93 
Erosion 2583 
Encroachment 119 
Gas migration into water supply 25 
Gas venting 10 
Cementing or casing failure 44 
Site Restoration 535 
Water supply restoration 53 
Storage or transportation failure 434 
 
 
 
Spud dates (drilling start dates) were obtained from the spud reports available on 
the Pennsylvania DEP’s website. The spud data were merged with the compliance report 
into one database by well ID number in order to include the drilling start date for each 
well inspected between the years 2000 and 2014. Spud dates were also used to calculate 
the number of years that each well was in operation at the time of inspection by 
subtracting the spud date from the date of inspection. 
Production reports for all active wells between 2000 and 2014 were also obtained 
from the Pennsylvania DEP’s website. This database was used to count the number of 
active wells for each operator as an indicator of the size of the company. Operators with 
more than 100 active wells during this time period were considered large, while operators 
with fewer than 100 active wells were considered small. 
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4.3.2. Logistic Regression 
Logistic regression models predict a categorical dependent variable given a set of 
explanatory variables. Logistic models are well suited for predictor variables that are a 
mix of categorical and continuous variables, or for variables that are not normally 
distributed. Binary logistic models are used for dependent variables that are dichotomous. 
For this analysis, a binary logistic regression was conducted in SPSS (IBM, Inc., 
Armonk, NY), an analytical statistics program, in order to analyze the effect of certain 
variables on the likelihood that a violation of any type (administrative and 
environmental/health and safety violations combined) would occur for each inspection. 
The model was used to predict the dependent variable, Inspection Result (whether or not 
a violation has occurred), from a set of predictor variables. The regression model predicts 
the natural log of the odds of having a violation (coded as 1) versus no violation (coded 
as 0). A positive log odds ratio relative to the odds for a baseline condition indicates an 
increase in the odds of a violation occurring given an inspection, while a negative log 
odds ratio indicates a decrease in the odds of a violation occurring. 
Covariates: 
• Unconventional: This variable indicates whether the well inspected is 
conventional (coded as 0) or unconventional (coded as 1). If the log odds ratio is 
positive, it means that unconventional wells have increased odds of having a 
violation relative to the baseline odds for conventional wells. 
• Spud Year: The year that drilling began at the well that was inspected. This 
determines whether older or newer wells are more likely to have violations. 
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• First Year: This variable is coded as 1 if a well is inspected in the first year since 
its spud date. All other inspections are coded as 0. 
• Second Year: Similar to the “First Year” variable, this variable is coded as 1 if the 
well inspected was in its second year since spud. 
• Three or More Years: Similarly, this variable is coded as 1 if the well had been in 
operation for 3 or more years at the time of inspection. 
• Operator Size: If the operator has more (coded as 1) or fewer (coded as 0) than 
100 active wells within the time period (2000 – 2014). 
• Inspection Ratio: This is a continuous variable of the yearly ratio between the 
number of inspections and the number of active wells. For a well inspected in a 
given year, this variable would indicate the inspection to well ratio of that year. 
Including this variable in the model helps predict whether violations are more or 
less likely to occur during years in which wells were being inspected more 
frequently. For example, inspectors may preferentially inspect wells that are 
considered to be at elevated risk for violation (based on knowledge of the driller, 
the activities likely to be occurring at the sites based on the time since the spud 
date, or site specific reports from neighbors, etc.). 
• Region: The Pennsylvania DEP offices are divided into six regions (Northwest, 
North-central, Northeast, Southwest, South-central, Southeast) Inspections on 
wells drilled within four of those regions were present within the database 
(Northeast, North-central, Northwest, and Southwest). A variable was created to 
represent wells that were drilled within each of the DEP Regions. 
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In addition, interaction variables between variables were included in the model in 
order to account for relationships within covariates. For example, the interaction variable 
Size X Unconventional was also included in the regression model where inspections 
conducted on unconventional wells drilled by large operators are coded as 1 and all other 
combinations are coded as 0. Since a larger percentage of wells drilled by smaller 
companies are conventional, while larger operators drill more unconventional wells, the 
interaction variable accounts for this in the regression model. However, none of the 
interaction variables yielded any significant changes to the odds of a violation occurring 
in any of the models. 
In order to compare between violations of different types, violation codes were 
grouped into several categories based on their potential outcomes. Violations related to 
waste discharge were coded into one group, while violations related to surface spills, gas 
venting, well casings or cementing, and erosion were coded into separate groups. Table 7 
shows 10 of the different violation categories created for this analysis as well as the 
number of violations present in the database that fall within each category. In order to 
compare the odds of a violation occurring among different categories, a new dependent 
variable was created for each category. A binary logistic regression model was created 
for each dependent variable which was coded as follows: Violation within desired 
category= 1, All other types of violations = 0, No Violation = 0). The same set of 
predictor variables was used to predict the odds of having different types of violations 
under different circumstances. 
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4.3.3. Operator Analysis 
Using the production data, operators were ranked by the number of active wells 
they had between 2000 and 2014. The operators were also ranked by the number of 
inspections and violations (both environmental/health and safety and administrative) they 
had between 2000 and 2014. The largest companies were then identified (in terms of 
number of active wells), as well as the top violators. The 20 largest operators were 
chosen in order to conduct a binary regression to predict the change in the odds of having 
a violation for the companies that are collectively responsible for almost 50,000 active 
wells in the state of Pennsylvania. A binary variable was created for each of the 20 
chosen operators and used in the model to predict the dependent variable Inspection 
Result. Operator names are reported as they appear in the PA DEP database at the date of 
retrieval of data; however, some inaccuracies in operator names may exist in the DEP’s 
records as companies often change names due to being bought by other companies. 
The data were then filtered to include only inspections conducted on wells drilled 
by the selected 20 operators. Another regression model was created using a set of 
predictor variables in order to determine the effect of different factors on the odds of 
having a violation within this group of the largest operators. The variables used in this 
model were Unconventional, Spud Year, and Years in Operation. 
From there, a comparison of the odds of having a violation between conventional 
and unconventional wells was conducted for each of the top 20 operators that drill both 
types of wells. TW Phillips Gas Supple Corp., Catalyst Energy Inc., Kriebel Minerals 
Inc., Eastern States Exploration Co., and Us Energy Development Corp. were excluded 
from this analysis because they drill only one type of well.  
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4.4. Results 
4.4.1. Inspection and Violation Rates 
The frequency of Administrative and Environmental/Health and Safety violations 
over time in Figure 9 shows a significant increase between 2008 and 2009 for both 
conventional and unconventional wells. This increase in violations was expected as it 
coincides with an overall increase in drilling activity, particularly for unconventional 
drilling, which took off in the state after 2008. Violations for unconventional wells 
increase until 2010-2011 and then decline. This may reflect “learning by doing” in which 
well operators became more skilled at avoiding violations over time but may also reflect 
a decrease in well drilling activity as natural gas prices generally declined from 2008 to 
2012 (EIA, 2015b). Conventional well violations also show a spike and decline over the 
2008 to 2014 period, but this is due to administrative violations. Environmental/Health 
and Safety violations actually show an increase over time during that period. However, 
there is a gradual decrease in violations of any kind issued to both types of wells from 
2011 onward even though there is no significant change in the number of wells inspected 
each year during this time period. In fact, when looking at the total number of inspections 
conducted each year (regardless of number of wells) for both types of wells, there is a 
gradual increase every year from 2011 to 2013. In addition, 2011 has the highest number 
of active wells of any other year in this time period for both conventional and 
unconventional wells individually, as well as for both types of wells combined. 
Comparison of inspection records to the number of wells spudded suggests that, 
on average, fewer than 20% of all active wells are inspected each year. This ratio seems 
to follow an upward trend in more recent years, increasing from 15% in 2008 to 33% in 
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2013 (Figure 10). The percentage of wells with violations is consistently low, between 
2% and 6% of all inspections (Figure 10). However, there is more variability in the ratio 
of inspection and violations to the number of active wells for unconventional wells 
(Figure 11). The ratio of inspections to the number of unconventional wells fluctuates 
between 0.5 and 2, while conventional wells have a lower but more consistent rate of 
inspection between 13% and 25% (Figure 11). Unconventional wells also have a higher 
ratio of violations to wells than conventional well have. Violations for unconventional 
wells averaged about 20% of the wells in service while violations for conventional wells 
averaged 3% of the wells in service (Figure 11). 
 
 
 
 
Figure 10: Ratio of total inspections and total violations each year to the number of active wells each 
year (Retrieved September 2014) 
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Figure 11: Ratio of inspections and violations to the number of active wells each year for 
conventional and unconventional wells 
 
 
 
4.4.2. Operator Analysis Results 
Comparison of violation rates for all of the operators showed that the average 
company had 0.2 violations of any kind per active well, or 1 violation for every 5 wells 
(Figure 12). Considering the twenty largest operators (the operators with the most active 
wells), the graph in Figure 12 shows that most of the large companies are below the 
average for the ratio of number of violations to number of active wells. However, four of 
the top 20 operators had violation rates higher than the overall average: East Resources 
Inc., Chesapeake Appalachia LLC, Catalyst Energy Inc., and US Energy Development 
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Corporation, with US Energy having more than double the average of all companies 
(ratio of violations to number of active wells=0.45) (Figure 12). While larger companies 
may on average be more effective at regulatory compliance, size is far from a guarantee 
of effective performance. 
Figure 13 and Figure 14 present the ratio of violations to the number of active 
wells for each operator, for environmental and administrative violations, respectively. 
The average rate of environmental violations for all operators was 0.075, meaning that 1 
in every 13.3 active wells had an environmental/health and safety violation. The same 4 
operators identified in Figure 12 had the highest ratios of environmental violations to 
active wells out of the 20 largest companies. The rate of environmental violations for US 
Energy was 0.25 per active well [p < 0.005]; on average, one in every 4 active well 
drilled by US Energy had an environmental/health and safety violation (Figure 13). The 
administrative violations (Figure 14) also followed a similar trend with the following 5 
operators having ratios of violations to number of active wells significantly higher than 
the average of 0.122: Belden and Blake Corp, East Resources Inc., Chesapeake 
Appalachia LLC, Catalyst Energy Inc., and US Energy Development Corp. (Figure 14). 
This analysis alone is not a sufficient basis for selecting a company, but given that 
companies differ significantly in their violation records, it does suggest that more 
sophisticated efforts to identify high-performing and low-performing companies may be 
warranted. A program to identify and certify high performing companies might provide 
these companies with a competitive advantage and incentivize improvements throughout 
the industry.  
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Figure 12: Ratio of all violations over the number of active wells for the 20 largest operators from 
2000 to 2014 compared to the average company rate of violations to number of wells. Error bars 
represent 5th and 95th percentiles. Operator names are as reported by the Pennsylvania Department 
of Environmental Protection 
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Figure 13: Ratio of Environmental violations over the number of active wells for the 20 largest 
operators from 2000 to 2014 compared to the average company rate of environmental violations to 
number of wells. Error bars represent 5 and 95 percentiles. Operator names are as reported by the 
Pennsylvania Department of Environmental Protection 
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Figure 14: Ratio of Administrative violations over the number of active wells for the 20 largest 
operators from 2000 to 2014 compared to the average company rate of administrative violations to 
number of wells. Error bars represent 5 and 95 percentiles. Operator names are as reported by the 
Pennsylvania Department of Environmental Protection 
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4.4.3. Logistic Regression Results 
Table 8 presents results of four binary logistic regression models, each with the 
same predictor variables and each with a different dependent variable. Model 1 examines 
the change in the odds of a violation of any type occurring given that a well is inspected. 
In this model, all nine predictor variables presented in Table 8 have a significant effect on 
the odds of a violation occurring. The variable Three or More Years was not a significant 
predictor in any of the models and was dropped from all of them. The odds ratio exp(β), 
for the variables Operator Size and Unconventional are 0.596 and 0.714, respectively 
(Table 8). This indicates that large operators (operators with more than 100 active wells) 
have 40.4% lower odds of inspections resulting in a violation than small operators. 
Conversely, small operators have 67.7% higher odds of having a violation than large 
operators. This could be an indication that larger operators have safer practices on-site, or 
are more familiar with regulations than smaller companies. Company size may contribute 
to other unobserved characteristics that influence violation rates, however, as observed 
correlations do not imply causality. There is also a 40% increase in the odds of having a 
violation of any kind for conventional wells over unconventional wells, conditional on 
being inspected. Given that the overall ratio of violations to wells is higher for 
unconventional wells, there are a number of alternative explanations of this. Infrequent 
inspections at conventional wells may allow for lax operating procedures, or may allow 
for violations to accumulate over time, or limited resources for inspections may result in 
inspectors inspecting only the most at risk wells (assuming that inspectors have some 
basis for making such judgments). Whatever factor or blend of factors is responsible for 
this, all suggest that the simple ratio of violations to wells is not a good indicator of the 
 68 
relative compliance records of conventional vs. unconventional wells given that 
conventional wells are less likely to be inspected and more likely to have violations when 
they are inspected. An incremental increase in inspections at conventional wells would be 
expected to produce more regulatory violations than an incremental increase in 
inspections at unconventional wells. However, the prioritization of inspections for 
unconventional wells may still be defended if one believes that the violations present at 
these wells are more consequential than the violations at conventional wells. 
Spud Year also has a negative regression coefficient with an odds ratio of 0.987 
(Table 8), indicating a 1.3% decrease in the odds of having a violation for each increase 
in a well’s spud year. This means that wells spudded more recently are less likely to 
produce violations, which could be a result of improved regulations and more protective 
safety practices over time in Pennsylvania. However, it could also be due to a decreased 
willingness to issue violations due to changes in policy, such as the requirement for 
senior administrative approval for unconventional operators that was instituted and 
quickly withdrawn in 2011 (Rahm et al., 2015). It could also be a result of the decrease in 
the number of inspections conducted every year from 2011 onward. There is also a 
gradual decrease in the number of new wells drilled each year, resulting in a decrease in 
the number of wells inspected. 
The First Year and Second Year variables both had a positive effect on the odds 
ratio. A well has a higher chance of producing a violation if it is in the first or second 
year since its spud date. Based on a visual inspection of the data, it was noted that a 
majority of inspections and violations occur within a well’s first two years as there is 
 69 
little activity once drilling is complete and a well is put into production. The results of the 
regression confirm that violations are less likely to occur after the initial 2 years. 
Inspection Ratio, the ratio of the number of inspections to the number of active 
wells each year, also has a negative effect on the odds of an inspection resulting in a 
violation. If a well is inspected in a year with an inspection ratio of 2 rather than 1, the 
odds of a violation being cited decreases by 99.5%, indicating that periods of time in 
which a larger percentage of wells are being inspected produce fewer violations. To some 
extent either inspectors may be able to prioritize wells more likely to have violations or 
the decreased time period between inspections spreads violations out over more 
inspections. These effects might lead to a roughly 40% decline in violations per 
inspection if the inspection ratio doubles (i.e., the existing violations are spread out over 
twice as many inspections). The steep decline suggests that either higher inspection ratios 
are associated with more stringent compliance behavior or that inspection ratio has been 
confounded with some important omitted variable. 
Comparing violation rates by regional effects, the model revealed that three 
regional variables are significant predictors. However, the effect is modest. Exp(β) for 
the North-central and Northwest regions are fairly similar, while the Southwest region 
has a slightly higher decreasing effect on the odds of a violation of any type occurring. 
There were relatively few observations in the Northeast region that did not have a 
significant effect in any of the models. 
Models 2, 3, and 4 examine the effects of the same covariates in Model 1 on the 
odds of violations of different types occurring. In Model 2, the dependent variable 
describes whether or not a violation related to waste discharge has occurred. This 
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includes industrial waste, drill cuttings, oil, brine, or any other pollutional material being 
discharged, or potentially being discharged, into streams or waters of the Commonwealth. 
For this type of violation, only three variables were significant predictors 
(Unconventional, First Year, and Inspection Ratio). The First Year and Inspection Ratio 
variables follow a similar trend to the results in Model 1. However, while Model 1 found 
that, in general, inspections of conventional natural gas wells have higher odds of 
producing a reported violation, when considering only violations with the potential for 
waste discharge, unconventional wells had 57.7% higher odds of having a violation. This 
is consistent with the results from Rahm et al. (2015), which saw an increase in violations 
regarding solid waste and spills from unconventional wells over conventional wells. 
While this is concerning, the fact that unconventional drilling and hydraulic fracturing 
generates flowback water and production brine could be a contributing factor to the 
higher odds. However, reported violations related to waste discharge were not restricted 
to potential outcomes from hydraulic fracturing activities. 
Model 3 examines inspections on wells that violate the Pennsylvania DEP’s 
regulations and guidelines for erosion and sediment control. The results of this model 
follow a similar trend to the results of Model 1, which includes violations of all types. 
However, regional effects are more noticeable in this model, where there is a significant 
increase on the odds of producing a violation related to erosion and sediment control for 
wells in the Southwestern region of the state. When considering only violations related to 
cementing and casing, Model 4 reveals an increase in the odds ratio by over 800% for 
unconventional wells over conventional ones. Additional models for several other 
violation categories were created with the same set of predictor variables (Appendix B).  
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Table 8: Binary regression results for four dependent variables with nine predictor variables 
 
M
odel 1 
Any violation 
M
odel 2 
W
aste discharge 
M
odel 3 
Erosion 
M
odel 4 
Casing 
Variables in the 
Equation 
β 
Exp(β) 
β 
Exp(β) 
β 
Exp(β) 
β 
Exp(β) 
O
perator Size 
-0.517
a 
0.596 
N
ot Significant 
-0.377
a 
0.686 
N
ot Significant 
U
nconventional 
-0.336
a 
0.714 
0.456
a 
1.577 
-0.389
a 
0.678 
2.208 
9.096 
Spud Y
ear 
-0.014
a 
0.987 
N
ot Significant 
-0.084
a 
0.920 
N
ot Significant 
First Y
ear 
0.617
a 
1.853 
0.383
a 
1.467 
0.472
a 
1.603 
N
ot Significant 
Second Y
ear 
0.738
a 
2.093 
N
ot Significant 
0.718
a 
2.050 
N
ot Significant 
Inspection R
atio 
-5.402
a 
0.005 
-7.559
a 
0.001 
-0.422
a 
0.656 
-18.308
a 
1.12E-8 
N
C
 R
egion 
-2.062
a 
0.127 
N
ot Significant 
-1.616
a 
0.199 
N
ot Significant 
N
W
 R
egion 
-2.283
a 
0.102 
N
ot Significant 
-7.633
a 
.000484 
N
ot Significant 
SW
 R
egion 
-3.162
a 
0.042 
N
ot Significant 
166.214
a 
1.534E+72 
N
ot Significant 
C
onstant 
28.685
a 
2.869E+12 
-3.626
a 
0.027 
-0.377
a 
0.686 
-5.673 
0.003 
M
odel χ 2	=  
3709.453
a 
192.157
a 
1349.093
a 
48.309
a 
Cox	and	Snell	R 2	=	 
0.029 
0.001 
0.011 
0.0003 
N
agelkerke R
2 = 
0.066 
0.013 
0.068 
0.063 
M
odel 1: Dependent variable is Inspection result: Violation = 1, No Violation = 0 
M
odel 2: Dependent variable is inspection resulting in violation related to waste discharge: Violation related to waste discharge = 1, Violation not resulting in 
waste discharge = 0 
M
odel 3: Dependent variable is inspection resulting in violation related to erosion: Violation related to erosion = 1, Violation not resulting in erosion = 0 
M
odel 4: Dependent variable is inspection resulting in violation related to cementing or casing: Violation related to cementing or casing = 1, Violation not 
resulting in cementing or casing = 0 
a Covariate is significant [p < 0.005] 
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Table 9 presents the results of the binary logistic regression using the top 20 
operators as covariates. The operators with an odds ratio greater than 1 indicate an 
increase in the odds of having a violation relative to all other operators not included in the 
top 20 (Table 9). While the results in Table 8 suggest that large operators may have 
potentially safer practices, a few of the largest operators have violation rates that exceed 
the overall average. Comparing the number of violations normalized to the number of 
active wells for each operator has showed that a few of the larger companies are worse 
violators than smaller ones. Five of the 20 operators included in the analysis had 
statistically significant predictor variables [p < 0.005] with an increasing effect on the 
change in odds ratio (Table 9). The operators that have a significant increase in the odds 
of violation are Belden and Blake Corp. (Exp(β) = 1.930), East Resources Inc. (Exp(β) = 
3.263), Texas Keystone Inc. (Exp(β) = 1.576), Catalyst Energy (Exp(β) = 1.450), and US 
Energy Dev. Corp. (Exp(β) = 2.784). East Resources and US Energy were among the 
worst violators, with a 226.3% and a 178.4% increase in the odds of having a violation of 
any type, respectively. 
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Table 9: Binary logistic regression output with 20 largest operators as predictor variables 
Variables in the Equation β S.E. Sig. Exp( β ) 
RANGE RESOURCES  -0.923 0.109 0.000 0.397 
ATLAS RESOURCES -0.832 0.126 0.000 0.435 
CNX GAS CO LLC -0.364 0.128 0.005 0.695 
SNYDER BROS INC 0.204 0.11 0.063 1.226 
SENECA RESOURCES 0.227 0.106 0.033 1.255 
PHILLIPS EXPLORATION -0.672 0.132 0.000 0.511 
EXCO RESOURCES PA 0.005 0.122 0.968 1.005 
BELDEN & BLAKEb 0.657 0.115 0.000 1.930 
EOG RESOURCES INC -0.159 0.126 0.207 0.853 
EAST RESOURCES INCb 1.183 0.106 0.000 3.263 
CHESAPEAKE -0.253 0.109 0.020 0.776 
TEXAS KEYSTONE INCb 0.449 0.116 0.000 1.567 
TW PHILLIPS GAS -0.011 0.474 0.982 0.989 
CATALYST ENERGYb 0.372 0.107 0.001 1.450 
PA GEN ENERGY -0.311 0.127 0.015 0.733 
KRIEBEL MINERALS  -1.188 0.167 0.000 0.305 
EASTERN STATES  -0.463 0.429 0.280 0.629 
ATLAS RESOURCES -1.051 0.131 0.000 0.349 
US ENERGY DEV CORPb 1.024 0.112 0.000 2.784 
ENERVEST OPR LLC 0.204 0.135 0.131 1.227 
Constant -2.507 0.094 0.000 0.082 
Model χ2	=  1799.5 [p < 0.005]   Cox	and	Snell	R2	=	 0.028    
Nagelkerke R2 = 0.069    
Dependent variable is Inspection result: Violation = 1, No Violation = 0 
a Operator names are as reported by the Pennsylvania Department of Environmental Protection 
b Significant increase in the change in odds ratio [p < 0.005] 
 
 
 
Running the regression model with the data filtered for just the chosen 20 
operators followed a similar trend to the regression in Table 8. While the regression in 
Table 8 accounts for operator size as a covariate, filtering the data for just the largest 
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operators eliminates a possible source of variability from companies entering and exiting 
the field. The odds of an inspection resulting in a violation were 15.2% lower for 
unconventional wells vs. conventional wells. Newer wells (wells with higher spud year at 
the time of inspection) are associated with decreased odds of having a violation among 
the 20 largest operators, while wells inspected in their first and second years of operation 
are more likely to produce violations (Table 10). There were no significant regional 
effects on wells drilled by the top 20 operators. 
 
 
 
Table 10: Binary regression with five predictor variables for the 20 largest operators 
Variables in the 
Equation β S.E. Sig. Exp(β) 
Unconventional -0.165 0.052 0.002 .848 
Spud Year -0.027 0.005 0.000 .973 
First Year 0.697 0.041 0.000 2.008 
Second Year 1.166 0.052 0.000 3.210 
Inspection Ratio -5.542 0.398 0.000 .004 
Constant 53.210 9.921 0.000 1.284E+23 
Model χ2	=  949.955 [p < 0.005]   Cox	and	Snell	R2	=	 0.019    
Nagelkerke R2 = 0.047    
Dependent variable is Inspection result: Violation = 1, No Violation = 0 
 
 
 
While larger operators, in general, had lower odds of having a violation for 
unconventional wells, running the regression model again for 15 of the top 20 operators 
that have both conventional and unconventional wells revealed that some operators are 
more likely to have violations on unconventional wells over conventional ones (Table 
11). Range Resources, EOG Resources, East Resources Appalachia LLC, PA Gen 
Energy Co. LLC, and Atlas Resources LLC have a significant increase on the odds of 
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having a violation from unconventional wells over conventional ones (Table 11). On the 
other hand, CNX Gas Co. LLC and Seneca Resources Corp. significantly decrease the 
odds of having a violation from unconventional wells (Table 11). 
 
 
 
Table 11: Binary regression results with three predictor variables for 15 of the 20 
largest operators (ones with both conventional and unconventional wells) 
Operatora Covariates Unconventional Spud Year 
RANGE RESOURCES APPALACHIA LLC 1.253b -0.156b 
ATLAS RESOURCES INC -0.944 0.222b 
CNX GAS CO LLC -1.266b -0.107 
SNYDER BROS INC 0.217 -0.214b 
SENECA RESOURCES CORP -0.782b -0.070b 
PHILLIPS EXPLORATION INC 0.624 -0.077 
EXCO RESOURCES PA INC -0.376 0.036 
BELDEN & BLAKE CORP -0.271 -0.045 
EOG RESOURCES INC 2.155b -0.312b 
EAST RESOURCES INC 1.126b -0.068b 
CHESAPEAKE APPALACHIA LLC 1.115 -0.814b 
TEXAS KEYSTONE INC 0.264 -0.212b 
PA GEN ENERGY CO LLC 1.328b -0.180b 
ATLAS RESOURCES LLC 1.028b -0.272b 
ENERVEST OPR LLC -18.96 -0.150 
a Operator names are as reported by the Pennsylvania Department of Environmental Protection 
b Covariate is significant [p < 0.005] 
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4.5. Discussion 
The initial finding that unconventional wells have a higher rate of violation to 
number of active wells than conventional wells should not be overlooked. Our regression 
analysis, which does not control for the number of active wells each year, revealed that 
conventional wells are generally more likely to have violations of any kind. However, 
when comparing violation rates relative to the number of active wells, we found that, on 
average, 20% of inspections of unconventional wells result in violations each year, 
compared to 3% for conventional wells. The variability in the rate of inspection for 
unconventional wells over time is a point of concern. This is a key finding that has policy 
implications as it supports the ongoing and continued need for inspections of all wells 
independent of number of wells in operation. It may be necessary to examine regional 
effects as well as budget allocation within the DEP in order to determine what factors are 
contributing to the differences in inspection frequency. 
Even though there were no significant decreases in the number of wells inspected 
each year from 2011 to 2013, there was a gradual decrease in the number of violations 
issued each year in that same time period. While this may be an indication of more 
protective safety practices on site, Rahm et al. (2015) suggest that this could be attributed 
to regulatory policies implemented in 2011 making it more difficult for inspectors to 
issue violations for shale gas wells in the state. While the policy in question was 
rescinded a few weeks after it was issued, the decrease in violations might be associated 
with an unwritten change in practices (the gubernatorial administration changed the same 
year). Further analysis may be necessary to determine the effect various policies and 
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regulatory changes in the shale gas industry have had on the distribution of violations 
over time. 
Comparing violation rates among the large operators in the state revealed that 
companies differ significantly in their violation records. This suggests a need for more 
sophisticated efforts to identify practices that result in high-performing and low-
performing companies. While our analysis shows a trend towards more protective 
regulations and safer practices over time, identifying the factors that affect violation rates 
among companies can lead to more uniform best practices across the state. 
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Chapter 5: Frequency Analysis of Failure Scenarios 
5.1. Introduction 
In order to identify potential scenarios of concern regarding human health risks 
surrounding the natural gas drilling industry, a survey of industry workers and regulators 
was developed and implemented to quantify the frequency of failure incidents and near-
miss accidents at the wellhead site. The goal of this survey is to better understand 
scenarios of concern for human health risks as a result of operational failure incidents and 
regulatory violations during natural gas drilling in the Marcellus shale region. The 
scenarios investigated here involve a violation of regulations whether accidental or 
intentional. 
5.2. Background 
There have been many research efforts to identify the potential sources of 
exposure from the natural gas industry, particularly through water-related exposure 
pathways. In 2013, Resources for the Future implemented a survey of shale gas experts 
from government agencies, NGOs, academia, and industry in order to identify high 
priority environmental risks from the shale gas industry (Krupnick et al., 2013). The 
study asked 215 respondents to choose from 264 potential risk pathways as well as 
potential accidents from various stages of the development process in order to find a 
consensus and prioritize the pathways of exposure. The study identified 12 general 
pathways that were most frequently chosen by participants as being a priority. The 
pathways identified were classified based on whether they resulted in impacts to surface 
water, groundwater, air quality, or habitat disruption. While this study focused on general 
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routine pathways, two accident risk pathways of concern were identified: cementing 
accidents and casing accidents. 
In 2014, Vengosh et al. conducted a review of risk to water resources from the 
development of shale gas. The study examines 4 different scenarios by which water 
resources can be negatively impacted from shale gas extraction: stray gas leaking into 
shallow aquifers, surface water contamination from spills and leaks, soil and river 
sediment contamination from wastewater, and the overuse of freshwater for hydraulic 
fracturing. While there is still a debate regarding the impact of shale gas development on 
groundwater, mostly due to the lack of baseline water quality data, it is recognized as a 
potential risk. Several studies (Jackson et al., 2013; Osborn et al., 2011) examined the 
effect of proximity to natural gas wells on methane contamination in surrounding 
drinking water wells in Pennsylvania. These studies found higher concentrations, on 
average, at locations that were within 1 kilometer of an active site. An isotopic analysis 
found evidence of thermogenic methane (methane formed at depths exceeding 1,000 
meters under the surface at high temperatures) in active areas (within 1 kilometer of an 
active site) that was more prevalent in drinking wells further away from active natural gas 
sites. These studies have been criticized for limitations, such as their lack of baseline 
data, the lack of random sampling, the prevalence of methane in residential drinking 
wells in Pennsylvania regardless of proximity to natural gas wells, and the potential for 
confounding of geological characteristics with the presence of gas wells. A study by the 
United State Geological Survey conducted in 2013 found evidence of thermogenic 
methane in baseline drinking water samples predating natural gas activity in Sullivan 
County, Pennsylvania (Sloto, 2013). A recent study of 11,300 baseline dissolved methane 
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analyses of drinking water samples in Pennsylvania provided by Chesapeake Energy 
found no statistically significant relationship between proximity to oil and gas wells and 
dissolved methane concentrations suggesting that the small sample sizes used in other 
studies may have been the reason behind the differences in results (Siegel et al., 2015b). 
While these studies help identify the sources of concern that experts from various 
fields agree upon, they focus on environmental impacts without discussing human health. 
Bunch et al. (2014) examines the effect of the shale gas industry on human health by 
looking at air quality in the Barnett shale region. The study examines data from several 
monitoring stations for volatile organic compounds (VOCs) in the region and compared 
them to federal and state health-based air standards to assess potential health effects. The 
study found that none of the VOCs examined posed any acute/short-term health risks, 
while one VOC (1,2-dibromoethane) had annual averages that exceeded chronic health 
risk standards. Bloomdahl et al. (2014) examined health risks to workers due to 
inhalation of volatilized contaminants from holding ponds and concluded that these risks 
were minimal under typical exposure conditions. 
Steinzor et al. (2013) conducted a community survey of 108 individuals in the 
state of Pennsylvania to determine if any links existed between shale gas development 
and human health impacts. The study showed that the percentage of respondents 
reporting health symptoms frequently related to shale gas development, such as severe 
headaches, throat irritation, eye burning, and persistent cough, was higher for individuals 
who were less than 1,500 feet away from the nearest drilling facility. The authors state 
that while the study does not definitively prove cause and effect, there appears to be a 
link between proximity to shale gas development sites and individuals reporting 
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increased health effects. This indicates that these individuals are possibly being exposed 
to pollutants from the site that are negatively impacting their health. 
The goal of this study is to identify and prioritize some of the potential failure 
scenarios and exposure pathways that can occur on a shale gas development site through 
an elicitation of people who work in the natural gas industry. While other studies have 
assessed potential risk from general exposure pathways, this study examines specific 
failure events and elicited reports from industry participants on quantifiable accounts of 
actual past occurrences and near misses. As hydraulic fracturing has now been carried on 
for decades at thousands of wells, there is a considerable basis of professional experience 
for assessing both failures and near failure incidents. Following the approach of Galada et 
al. (2013) this study draws on this knowledge to prioritize potential failure scenarios 
based on their potential impact on the health and welfare of the general public, potential 
impact on worker safety, how well safety guidelines protect against them, and how 
frequently they occur. 
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5.3. Methods 
5.3.1. Survey Development 
Scenarios of concern were identified through a literature review as well as 
through an interview with an oil and gas site field engineer. The sequence of steps 
involved in the well development process was first described. Then potential failures at 
each step were identified. Based on this, the twelve failure scenarios of concern in Figure 
15 were chosen. In addition, respondents were prompted to describe any additional 
scenarios of concern. 
 
 
 
 
Figure 15: Potential failure scenarios from various stages of natural gas extraction 
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The survey was created using SurveyMonkey Inc. (Palo Alto, CA). Potential 
subjects who were recruited to participate in the survey had the option of completing the 
survey over the phone or by following an email link to the SurveyMonkey website. 
Answers were recorded on SurveyMonkey for the duration of the study. After the data 
collection phase was complete, all data were downloaded and stored securely off-line. 
The survey questions are presented in Appendix C. 
The survey consisted of 12 questions in 3 sections. The first section consisted of 
six questions and requested demographic information from each participant regarding 
their involvement in the oil and gas industry. After asking for each participant’s consent, 
the survey asked the participant’s job title, the number of years their work has involved 
shale gas, the approximate amount of time they spend on-site, the number of sites they’ve 
worked on over their career, and the region(s) in which they have worked in the shale gas 
field. The answers to these questions help give an idea of each respondent’s experience 
level. 
The second part of the survey (questions 7 through 10) asked participants to rate 
the severity of each scenario, once in terms of potential negative impact to the general 
public, and once in regards to potential negative impact to on-site workers. In each of 
these questions, the survey has 6 answer options to choose from: Very Low, Low, 
Medium, High, Very High, and I Don’t Know. In the following question, participants are 
asked to rank the same 12 scenarios again, but this time in terms of how well they think 
safety guidelines protect against each failure. Participants had the same 6 answer options 
to choose from. In the last question in this section, participants were asked if any of the 
12 scenarios had ever happened, whether they had first-hand knowledge or second hand 
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knowledge of the scenario occurring, if they scenario had almost happened but did not, if 
they had never witnessed the scenario happening, or if they thought it was impossible for 
the scenario to occur on-site. 
The last two questions of the survey were open-ended, one asking the participants 
to describe any other failure scenario related to shale gas and the other asking for 
suggestions for improvements to regulatory and safety practices that would make the 
shale gas industry safer. After completing all the questions, each participant was offered a 
gift card in the amount of $20 as compensation for their time.   
5.3.2. Study Sample 
A protocol for contacting participants was developed based on common practices 
for phone and email surveying techniques (Bourque & Fielder, 2003). The protocol 
indicates when to make calls and send out emails, how long to wait before following up, 
how many times to follow up, and how to administer the survey over the phone. In 
general, it was recommended to wait four business days to follow up with a potential 
participant after establishing initial contact. If there is still no response four days after the 
first follow-up, the surveyor followed up one more time before considering the 
participant to be interested. 
In cases where both an email address and phone number were available for the 
same contact, surveyors were directed to contact subjects by phone first. If there was no 
response after initial contact and two follow ups, the surveyor followed up one more time 
via email. Detailed records of each person contacted were kept in a database indicating 
each potential participant’s name, company, contact information, and response to the 
initial contact as well as each subsequent follow-up. In accordance with the study’s 
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protocol for protection of human subjects, the information on whether or not a subject 
responded was not integrated with their responses to the survey. 
The survey was targeted to individuals with experience in the oil and gas industry 
and knowledge of the operations at a natural gas site using a convenience sampling 
approach (as the goal was not to precisely quantify population frequencies of particular 
responses but rather to assess relative priorities of the scenarios). The desired sample size 
before distributing the survey was between 50 and 100 completed surveys. During the 
study time, 78 people chose to participate in the survey. However, of those 78 
respondents, only 60 people completed all the rating questions (1 through 10) and were 
included in the study database. 43 of the participants opted to receive the $20 gift card 
compensation that was offered. 
5.3.3. Subject Enrollment 
Subjects were enrolled through various methods: 
• Professional Conferences: eligible participants were recruited at professional 
meetings and conferences related to the oil and gas industry. Possible participants 
were asked to complete the survey in person if they wished. Otherwise, a link to 
survey was sent via email to interested participants. 
• Participant referrals: In some cases, participants would recruit other colleagues to 
participate in the survey. 
• LinkedIn InMail: InMail messages were sent to several professionals with 
experience in the shale gas industry through LinkedIn Premium InMail messages. 
• Professional Message Boards: A link to the survey was also posted on message 
boards for professional groups and associations, such as the ASCE-EWRI 
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Collaborate message board, where other engineers and professionals in the water 
resources field were asked to participate and share the survey with any other 
professionals who may be interested. 
• Shale gas industry directory: A directory of contacts and companies in the 
Marcellus and Utica Shale region purchased from Hart Energy. The directory 
contains contact information for over 6,400 key personnel in the Marcellus-Utica 
region. 
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5.4. Results 
The survey asked respondents to indicate their job titles within the oil and gas 
industry. Most of the participants provided an answer that fell within one of the 
categories presented in Table 12. In addition, the participants were asked about their level 
of experience in the natural gas industry. The average number of years that the survey 
participants have worked in shale gas development is 7.4 years, with 28 of the 78 
participants having worked for 10 or more years in the industry. In addition, participants 
reported an average of 41% of their time working directly with shale gas activities on-
site. However, 24 of the 78 respondents report spending less than 5% of their time 
dealing with on-site activities. 
 
 
 
Table 12: Demographic occupational information for survey respondents 
Occupation Number of Responses 
Executive 7 
Transportation 1 
Health and Safety 16 
Engineer/Scientist 32 
Drilling/On-site 9 
PR/Sales 3 
Academia 2 
Regulator 2 
Admin 1 
General 3 
No Answer 2 
Total 78 
 
 
 
 
 
 
This information was used to determine whether or not there were any significant 
differences in the responses among the different occupations. The number of times that a 
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scenario was reported to occur (whether based on first hand or second hand knowledge) 
was aggregated across all scenarios for each occupational category (Figure 16). 
Participants whose job titles are in sales or public relations most frequently 
reported having knowledge of a failure scenario occurring. It should be noted that the 
sample size for this category is small, with only 3 responses. Executives and health and 
safety managers also had high averages of failure scenarios occurring, while engineers 
and scientists had the lowest rates of reported knowledge of any of the proposed 
scenarios happening (Figure 16). However, the confidence intervals for all categories 
overlap indicating that the differences are not statistically significant. 
The frequency with which subjects reported knowledge of scenarios occurring 
was correlated with both their number of years of experience and the percent of time they 
spent on site. No significant correlations were found. Correlating the respondents’ 
answers with their experience represented as a product of the number of years they have 
worked in the industry and the percentage of time spent on-site did not yield significant 
results either. 
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Figure 16: Average frequency of witnessing or learning of a scenario occurring by respondent 
occupation. Error bars represent the 95% confidence interval for the mean 
 
 
 
The results of the second part of the survey were used to rank the severity of each 
scenario in terms of negative impact both to the general public and to the on-site workers. 
Figure 17 shows the result of question 7 of the survey where respondents were asked to 
rate the negative impact each scenario would have on the health and welfare of the 
general public if it were to occur. The results in Figure 17 are displayed on a scale from 1 
to 5. In order to calculate the severity for each scenario, a number was assigned to each of 
the potential answer options from 1 to 5 (Very Low = 1, Low = 2, Medium = 3, High = 4, 
Very High = 5). From the bar graph in Figure 17, the scenario of most concern in terms 
of potential negative impact to the general public is illegal dumping of flowback water. 
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The confidence interval for this scenario does not overlap with any other scenarios, 
indicating that its rating is statistically significantly elevated compared to other scenarios. 
Well pad liner failures and completion failures have the lowest potential negative impact, 
but they are not statistically significantly different from the ratings of most other 
scenarios. 
 
 
 
 
Figure 17: Average severity to the general public for each scenario (on a scale from 1 to 5) 
 
 
 
The results for severity of risk to workers are shown in Figure 18. Based on the 
results of this survey, the most concerning scenario for worker safety is improper or 
inadequate use of personal protective equipment (PPE), followed closely by surface 
overflows of gases or fluids from a blowout, while the other scenarios have relatively 
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similar severity scores. Ratings for failure to use PPE and risk from a blowout are not 
statistically distinct from each other, but are significantly elevated relative to all other 
scenarios. 
 
 
 
 
Figure 18: Average severity to on-site workers for each scenario (on a scale from 1 to 5) 
 
 
 
The results of question 9, which asked respondents to rate each scenario in terms 
of how well safety guidelines protect against the failure, are also displayed as a score 
from 1 to 5 (Figure 19). This was calculated similarly to the previous questions, where a 
number was assigned to each of the potential answers (Not at All = 1, Slightly = 2, 
Moderately = 3, Well = 4, Very Well = 5). Most scenarios had a score between 4.0 and 
4.3, indicating that most respondents thought that these scenarios are moderately or well 
 95 
protected by existing safety regulations and guidelines. Illegal dumping of flowback 
water had the lowest average rating of 3.7, but this was not statistically significantly 
lower than the other average ratings. 
 
 
 
 
Figure 19: How protective current safety controls are against each scenario (on a scale from 1 to 5) 
 
 
 
The next question in the survey, question 10, asked if the scenario had ever 
happened and if they had direct knowledge of it occurring (at a site they worked with) or 
second hand knowledge (at another site). They were also asked to indicate if the scenario 
had ever almost happened but did not, if it had never happened but was possible to occur, 
or if they thought the scenario was impossible. The results of this question are shown in 
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Figure 20. All twelve scenarios were reported to have happened based on first-hand 
knowledge by more than one respondent. The scenario witnessed the least frequently was 
illegal dumping of flowback water with only 2 accounts of this being witnessed first-
hand. Very few participants believed that any of the scenarios were impossible to occur. 
There are also few scenarios that have almost happened, with cases regarding fluid leaks 
and spills having the highest rates of near-misses. Illegal dumping of flowback water, 
while rated with the highest severity in terms of negative impact to the general public, has 
the lowest frequency of occurrence. While flowback water spills due to equipment failure 
have the highest overall (first-hand and second-hand) frequency of occurring, improper 
use of PPE has the highest frequency of being witnessed first-hand by survey 
participants. This is even more concerning since this scenario has the highest potential 
negative impact to on-site workers based on the responses to question 8. 
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Figure 20: Frequency of “yes”, “no”, and “near miss” answers for each scenario 
 
 
 
From there, the severity for each scenario was plotted against the frequency (first-
hand and second-hand combined) in order to determine which scenarios were of highest 
priority in both categories. While this study cannot determine what the appropriate trade-
off is between the two categories, it can identify scenarios that are dominated by other 
scenarios (those that are lower than other scenarios on both attributes). This is presented 
in Figure 21, where Figure 21(a) shows the severity of risk to the general public against 
the frequency, and Figure 21(b) shows the same for severity to on-site workers. In both 
figures, the non-dominated scenarios are indicated in red. While it occurs the least 
frequently, illegal dumping of flowback water raises the most concern in terms of the 
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health and welfare of the general public. In terms of worker safety, the highest concern 
comes from improper or inadequate use of personal protective equipment. 
Spills of flowback water due to equipment failure are of concern both in regards 
to the welfare of the general public and worker safety. While these types of spills seem to 
have a low to moderate impact, the responses of this survey indicate that they occur more 
frequently than any other scenario when considering both first-hand and second-hand 
knowledge. 
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Figure 21: (a) Severity to the general public vs. Frequency for each scenario. (b) Severity to On-Site 
workers vs. Frequency for each scenario. Red markers indicate the scenarios that are non-
dominated. 
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5.5. Discussion 
Illegal dumping of flowback water, while rated as the least frequently occurring 
scenario, is also the least protected by safety controls. The treatment and disposal of 
flowback and hydraulic fracturing wastewater falls under regulation at both the state and 
federal levels. However, based on the responses to this survey, there may be a need for 
better monitoring and accountability to ensure that it is not being disposed of improperly. 
While it seems to occur infrequently – only 13 respondents reported knowledge of this 
scenario occurring, 2 of which reported first-hand knowledge of this occurring at a site 
they worked with – improper disposal of wastewater that is often high in salinity, TDS, 
and radionuclides, can have negative impacts on public health and the surrounding 
environment. In addition, incidents regarding accidental spills and leaks of wastewater 
appear to occur relatively more frequently based on the results of this survey (Figure 20). 
While these events may be less severe in their impact, they are still a cause of concern for 
public health and safety.  
Based on the results of question 9 (Figure 19), the general consensus among 
survey participants was that safety regulations and guidelines are adequately protective. 
However, there is an indication that some guidelines, particularly regarding proper 
protective equipment, are often ignored. This seeming contradiction may point to a need 
to revise not the standard for protective equipment but the monitoring and compliance 
system. Several responses to the final two questions, which asked participants to describe 
any other failure scenario related to shale gas and to suggest any improvements to 
regulatory and safety practices, note that failures generally only occur when health and 
safety guidelines are violated by accident or ignored from negligence. Some notable 
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suggested regulatory and safety improvements include more frequent inspections, more 
rigorous training requirements particularly for truck drivers carrying hazardous waste, 
increasing fines for illegal dumping of flowback water, and better enforcement of PPE 
usage on-site. 
When prompted to describe any failure events that they witnessed first-hand, only 
two comments described a failure that was not addressed by this survey: a blowout due to 
collision with an existing well by a drilling bit (improper drilling bit steering), and 
wastewater release due to improper Stormwater management. Other responses to this 
question included incidents such as minor spills and leaks of fracturing fluid and 
produced water, failures during transportation, pit and impoundment leakages, and 
cement failures, all of which are included in the twelve proposed scenarios indicating that 
these scenarios are a plausible representation of actual conditions. 
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Chapter 6: Risk Assessment 
6.1. Introduction 
As drilling activity increases, so do concerns about environmental and human 
health effects, such as air pollution from volatile compounds (Bloomdahl et al., 2014; 
Bunch et al., 2014; Colborn et al., 2014; Esswein et al., 2012), stray gas migration into 
shallow aquifers (Ingraffea et al., 2014; Jackson et al., 2013; Osborn et al., 2011; Siegel 
et al., 2015b; Vengosh et al., 2014), and water resource contamination from improper 
disposal or accidental release of flowback water (Beaver, 2014; Brantley et al., 2014; 
Gordalla et al., 2013; Rozell & Reaven, 2012; Vengosh et al., 2014; Warner et al., 2013; 
Wilson & Van Briesen, 2013). 
Based on the results presented in Chapter 4, it is reasonable to assume that 
violations related to spills and accidental releases of wastewater are more likely to occur 
at unconventional wells. The results of the expert elicitation in Chapter 5 show that the 
failure scenarios of most concern when considering impacts to the health and welfare of 
the general public from shale gas development involve the release of flowback water to 
the environment. In terms of worker safety, the highest concern is from improper usage 
of personal protective equipment (the scenario reported to occur most frequently by 
participants), followed by spills of flowback water. Typical oil and gas PPE requirements 
include eye and face protection, respiratory protection, head protection, and hand 
protection (OSHA, 1999). In this chapter, these scenarios of concern are modeled in order 
to estimate occupational and residential risk from exposure to flowback water based on 
the most likely exposure pathways for on-site workers and the general public. 
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6.2. Background 
Research on the potential mechanisms for drinking water contamination from 
unconventional drilling, such as accidental spills, inadequate treatment, and improper 
disposal of wastewater, has had varied results. Some studies, including Jackson et al. 
(2013); Osborn et al. (2011); Vidic et al. (2013) have found evidence of higher levels of 
thermogenic methane from shale in drinking water wells in closer proximity to 
unconventional wells. These studies have been criticized for having small sample sizes 
and for a lack of baseline data collected prior to drilling. Thermogenic methane 
geochemically consistent with Middle Devonian gases has been reportedly observed in 
streams in northern Pennsylvania (Heilweil et al., 2015). Siegel et al. (2015a) found no 
statistically significant relationship between methane concentration in drinking water and 
proximity to wells when examining pre- and post-drilling data provided by Chesapeake 
Energy Corporation, while Molofsky et al. (2013) suggests that the thermogenic gas 
present in drinking water may have originated from shale layers above the Marcellus 
shale, and is therefore not an indicator of pollution caused by hydraulic fracturing. 
Certain chemicals in hydraulic fracturing fluid and flowback water have the 
potential to cause severe adverse health effects after chronic or even acute exposure 
(Balaba & Smart, 2012; Colborn et al., 2014). Studies, including the one presented in 
Chapter 3, have found that hydraulic fracturing wastewater generally has very high 
concentrations of salts and total dissolved solids (TDS), as well as levels of 
radionuclides, metals, and organic compounds that could be harmful to human health 
(Abualfaraj et al., 2014; Balaba & Smart, 2012; Blauch et al., 2009; Dresel & Rose, 
2010; Haluszczak et al., 2013; Hayes, 2009; Olmstead et al., 2013). 
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The U. S. Environmental Protection Agency’s (EPA) draft hydraulic fracturing 
risk assessment report examining the potential impacts on drinking water resources from 
various stages in the hydraulic fracturing water cycle did not find any evidence of 
systemic impacts on drinking water sources from shale gas activities. The potential 
mechanisms to contaminate drinking water are generally accidents such as spills of 
hydraulic fracturing fluids and produced water, fracturing directly into drinking water 
supplies, and inadequate treatment of wastewater. However, the number of identified 
cases of any of these scenarios is quite small when compared to the total number of shale 
gas wells drilled in the United States (U.S. EPA, 2015). 
Some studies have examined the effects of the natural gas extraction process on 
workers. In 2010, the National Institute for Occupational Safety and Health (NIOSH) 
conducted a field study, “NIOSH Field Effort to Assess Chemical Exposure Risks to Gas 
and Oil Workers,” which showed that workers could be exposed to high levels of 
respirable crystalline silica – the occupational exposure of highest concern (Esswein et 
al., 2012; Occupational Safety & Health Administration, 2012). The field study focused 
heavily (if not exclusively) on air sampling (Esswein et al., 2012). Bloomdahl et al. 
(2014) examined health risks to workers due to inhalation of volatilized contaminants 
from on-site holding ponds using mean, 2.5 percentile, and 97.5 percentile concentrations 
of 12 VOCs found in flowback water and concluded that these risks were minimal under 
typical exposure conditions. In this risk assessment, only one VOC considered had a 
hazard quotient exceeding acceptable levels at the 97.5 percentile level and under the 
assumption of low wind speed with multiple holding pits on site. 
 108 
Studies have also been done to compare hydraulic fracturing activities to those of 
conventional oil and gas development operations because they implement much of the 
same techniques and equipment. Ingraffea et al. (2014) found a six-fold increase in 
cementing and well casing failures for unconventional (shale gas) wells over 
conventional wells. Other studies have also found higher violation rates among 
unconventional wells regarding environmental impacts, particularly violations from 
wastewater discharge through spills, and failures in erosion and sediment controls 
(Abualfaraj et al., Under Review; Rahm et al., 2015). These violations illustrate a 
possible gap in the implementation of control measures that could pose dangerous health 
and safety hazards to workers. 
An evaluation of a ground water contamination incident in Bradford County, PA 
attributed to shale gas development found evidence of dissolved hydrocarbons and 
inorganics that potentially migrated form nearby wells with inadequate casings and 
annular pressure measurements exceeding allowable limits (Llewellyn et al., 2015). 
BTEX (benzene, toluene, ethylbenzene, and xylenes) measurements exceeding drinking 
water standards in groundwater near several spill incidents in Weld County, CO, 
indicating a plausible route for groundwater contamination from hydraulic fracturing 
activity (Gross et al., 2013). 
Some researchers have applied more qualitative approaches to understanding risk 
from shale gas development. Resources for the Future prioritized a set of “impact 
pathways” that link shale gas development to their potential ecological impacts by 
implementing a survey of shale gas experts in order to identify high priority 
environmental risks from the shale gas industry (Krupnick, 2013). The study identified 12 
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high-priority pathways (out of 264 potential exposure pathways and accidents that were 
most frequently chosen by participants as being a priority. The pathways identified 
include risk to surface water and groundwater, air quality, and habitat disruption 
(Krupnick, 2013). While this is a useful reference for identifying high-risk activities, it 
does not provide information on how human health and safety may be impacted by shale 
gas development operations. 
The study in Chapter 5 examines potential accidents on-site by using a survey 
asking participants with experience in the oil and gas field to rank a list of failure 
scenarios of concern focusing on specific events that may occur during the shale gas 
extraction process involving an operational failure or an intentional violation of 
regulations. Survey participants were asked to prioritize the scenarios based on their 
potential impact on the health and welfare of the general public, potential impact on 
worker safety, how well safety guidelines protect against them, and how frequently they 
occur. The results of the survey revealed that the highest concern to public health and 
safety stem from releases of flowback water or hydraulic fracturing. In terms of worker 
safety, the highest concern comes from improper or inadequate use of personal protective 
equipment (typical oil and gas PPE requirements include eye and face protection, 
respiratory protection, head protection, and hand protection (OSHA, 1999)) on-site, 
which is the scenario that survey respondents reported occurring most frequently.  
This highlights the lack of knowledge concerning specific hazard scenarios that 
can result in dermal exposure to hydraulic fracturing fluid or flowback water and the risk 
associated with such an exposure to workers at drilling sites. This uncertainty is 
significant because workers may be in situations of considerable risk that are preventable.  
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With a better understanding of hazard scenarios – such as those resulting from errors in 
work practices, design, and/or engineering – as well as the health impacts of exposure to 
fracturing fluid, an assessment of risk can be performed in order to influence more 
scientifically based regulations and procedural changes at hydraulic fracturing sites.  
While evidence of systemic negative impacts from shale gas extraction is limited, 
the literature highlights a degree of uncertainty associated with the shale gas industry, 
providing a reasonable motivation for examining its potential risk to human health. The 
goal of this study is to (1) conduct an occupational risk assessment for workers at 
hydraulic fracturing sites and a residential risk assessment for the general public in shale 
gas development areas for a list of carcinogenic and non-carcinogenic chemicals found in 
flowback water identified as high priority in Chapter 1. Four different scenarios of 
exposure duration and frequency are examined to estimate excess lifetime cancer risk and 
hazard index from dermal exposure to flowback water and compare them to acceptable 
risk levels, (2) conduct a risk assessment for residential exposure of the general public in 
shale gas development areas to a list of carcinogenic and non-carcinogenic chemicals of 
concern to human health found in flowback water through ingestion, inhalation, and 
dermal exposure pathways in order to better understand potential hazards and provide 
decision makers with tools to better inform safety practices and failure prevention.  
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6.3. Methods 
6.3.1. Risk from Occupational Exposure 
6.3.1.1. Flowback water data 
The flowback water data used in this analysis were based on the results presented 
in chapter 3 which compiled data from four sources containing chemical analysis of 
35,000 observations from flowback water and production brine in Pennsylvania collected 
between  March 2008 and December 2010. The chemical parameters were prioritized 
based on their concentrations relative to drinking water standards, where high priority 
was given to constituents with concentrations that exceeded drinking water standards 
(Tables 2 – 6). Dibromochloromethane and vinyl chloride were excluded from this 
assessment as they were only found in flowback water at levels below the detection limit. 
Chemical toxicity values (slope factors for carcinogens; reference doses for non-
carcinogens) were obtained from the EPA’s Integrated Risk Information system database 
(U.S. EPA (IRIS), 2016). Concentrations for the high-priority parameters listed in chapter 
3 were used to estimate excess lifetime cancer risk for carcinogens and systemic toxicity 
for non-carcinogens. Parameters for which there were no known toxicity parameters were 
excluded from this analysis.  
Table 13 presents the high priority flowback water constituents included in this 
risk assessment and some of the potential health effects of exposure to these 
contaminants. Data regarding dermal and inhalation health effects was limited for some 
of the parameters. Table 13 also identifies carcinogenic agents in flowback; 8 of the 18 
parameters examined in this analysis are known carcinogens. Concentrations for the 18 
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parameters found in flowback water listed were used to estimate excess lifetime cancer 
risk for carcinogens and systemic toxicity for non-carcinogens. 
6.3.1.2. Occupational Exposure Scenarios 
Currently, there are no recommended estimates for potential worker exposure to 
flowback water. A literature search revealed no studies regarding health and safety 
hazards to oil and gas workers as a result of dermal exposure to hydraulic fracturing fluid 
or flowback water. Occupational risk assessment models are designed to estimate 
exposure from daily activities rather than from accidents, while worker exposure to 
flowback water is likely to be a result of an accidental spill. Instead, occupational tenure 
statistics were used to provide an estimate for the exposure duration (the number of years 
that the worker is exposed). According to the Bureau of Labor, the median occupational 
tenure for oil and gas related fields in 2014 was 4 years (Bureau of Labor Statistics, 
2014). In this risk assessment, the worker is assumed to have 1 exposure event per week 
for 4 years (208 total exposure events). Based on this timeline, a chronic exposure was 
assumed (U.S. EPA, 2011a). It was assumed that the exposed worker failed to use 
appropriate protective equipment (gloves/protective clothing) during chemical handling, 
resulting in direct dermal contact to flowback water. Two different values were used for 
the event duration (the duration of exposure before the flowback water is washed off), 30 
seconds and 3 hours. The exposed skin area was also varied from full hand exposure and 
exposure from a few drops on the skin, resulting in four scenarios being considered in 
this risk assessment: Full hand exposure for 30 seconds, full hand exposure for 3 hours, 
few drops exposure for 30 seconds, and few drops exposure for 3 hours 
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6.3.1.3. Occupational risk assessment for carcinogens 
Equations used for cancer risk following dermal exposure to chemicals in water 
were taken from EPA’s Risk Assessment Guidance for Superfund (RAGS) (U. S. EPA, 
2004a). This guidance provides methods and equations for conducting human health risk 
assessments, as well as recommended values for parameters required for calculations. 
The Supplemental Guidance for Dermal Risk Assessment (Part E) was used for specific 
procedures to assess exposures and risk from the dermal pathway (U.S. EPA, 2004c). 
Excess lifetime cancer risk, the probability of an individual developing 
carcinogenic over a lifetime, is estimated by multiplying the absorbed dose by a 
chemical-specific potency factor (absorbed slope factor). Appendix D presents definitions 
and inputs for the variables used in cancer risk estimation (Table D-1; Table D-2), as well 
as cancer potency values for the 10 carcinogens examined (Table D-3). The equations for 
cancer risk in the EPA’s RAGS (Part E) are shown in Appendix E (Exhibit E-2a). 
6.3.1.4. Occupational toxicity assessment for non-carcinogens 
For non-carcinogens, the hazard quotient is the ratio of exposure to the estimated 
daily exposure level at which no adverse health effects are likely to occur. This is 
calculated by dividing the dermally absorbed dose by the reference toxicity factor for 
each chemical as outlined in RAGS (Part E) (U.S. EPA, 2004c). Appendix D presents 
definitions and inputs for the variables used in the hazard estimation (Table D-1; Table 
D-2), as well as toxicity values for the 10 non-carcinogenic agents examined (Table D-3). 
The equations for hazard quotient in the EPA’s RAGS (Part E) are shown in Appendix E 
(Exhibit E-2). Additional equations used to estimate parameters in the risk assessment 
model are presented in Appendix E (Exhibit E-3b). 
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Table 13: Health effects from ingestion, dermal, and inhalation exposure to high-priority 
contaminants found in flowback water 
Contaminants Ingestion Dermal Inhalation 
Aluminum Neurobehavioral alterations; skeletal effects No known dermal health effects 
Impaired lung function and 
fibrosis 
Antimony Nausea, vomiting, diarrhea; stomach cramps Skin irritation 
Irritation nose, throat, mouth; 
cough; dizziness 
Arsenic* 
Gastrointestinal and 
reproductive effects; liver 
damage 
Dermatitis; hyperpigmentation 
of skin; Potential carcinogen Respiratory distress in animals 
Barium Gastroenteritis; muscle spasm; slow pulse No known dermal health effects 
Upper respiratory system 
effects 
Benzene* Headache, nausea, staggered gait; anorexia, weakness Skin irritation; Dermatitis 
Respiratory system effects; 
dizziness; headache; leukemia 
Benzo(a)pyrene* Causes tumors in animals; birth defects 
Dermatitis; Regressive verrucae 
(i.e., warts); Skin tumors in 
animals 
Causes tumors in animals 
Beryllium Ulcerative gastrointestinal lesions Dermatitis; Skin granulomas 
Nasopharyngitis; shortness of 
breath; labored breathing; 
chemical pneumonitis 
Cadmium Renal tubular damage; increased risk of bone fractures No known dermal health effects 
Decreased lung function; 
emphysema 
Copper Nausea; vomiting; diarrhea Dermatitis Irritation eyes, nose, pharynx; nasal septum perforation 
1,2-Dichloroethane* Nervous system disorders; liver and kidney disease 
Skin lesions; Pulmonary 
tumors; Potential occupational 
carcinogen 
Lung effects 
Heptachlor* 
Liver damage; neurological 
effects; reproductive system 
dysfunction 
Potential occupational 
carcinogen 
Nervous and immune system 
effects 
Heptachlor Epoxide* 
Liver damage; neurological 
effects; reproductive system 
dysfunction 
Potential occupational 
carcinogen 
Nervous and immune system 
effects 
Iron No known ingestion health effects No known dermal health effects Benign pneumoconiosis 
Lead* Malnutrition; constipation; colic; neurological impairment No known dermal health effects 
Encephalopathy; neurological 
effects 
Manganese Adverse neurological effects No known dermal health effects Difficulty breathing; neurological disorder 
Nitrite as N Methemoglobinemia; abdominal cramps; vomiting No known dermal health effects No known inhalation effects 
Pentachlorophenol* Weakness; nausea; vomiting Dermatitis; Skin lesions; Liver effects; Renal effects 
Irritation eyes, nose, throat; 
sneezing, cough; difficulty 
breathing 
Thallium Vomiting; diarrhea; liver and kidney damage Alopecia (hair loss) 
Nervous system effects; 
pulmonary edema 
* Indicates carcinogenic contaminants (U.S. EPA (IRIS), 2016) 
Data sources: ATSDR (2011); NIOSH (2007); PubChem (2016) 
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6.3.2. Risk from Residential Exposure 
6.3.2.1. Residential tap-water exposure scenario 
The exposure scenario examined in this analysis is modeled as a result of 
flowback water being accidentally spilled or improperly disposed of directly into a fresh 
water reservoir or holding pond that is then used as a source of residential drinking water. 
The pond was assumed to have a volume of 44,000,000 L based on values used in Galada 
et al. (2013), which examined exposure scenarios for land application of biosolids. The 
pond volume is used to dilute concentrations found in flowback water, assuming that it 
becomes completely mixed as once it enters the fresh water source as described by eq.(1). 
𝐶! = 𝐶!"#$%&'(×𝑉!"#$%&'( 𝑉!"#$  ....................... eq. (1) 
Where,  
Cw = Chemical concentration in residential drinking water (mg/L) 
Cflowback = Chemical concentration in flowback water (mg/L) 
Vflowback = Volume of flowback water spilled (L) 
Vpond = Volume of drinking water reservoir/holding pond (L) 
The contaminant concentration in drinking water is necessary to estimate 
exposure dose. In addition to the contaminant concentration, it is necessary to define the 
exposure duration and frequency parameters in order to determine the daily intake of 
each contaminant. In this assessment, it is assumed that an adult of average weight will 
be exposed to drinking water from the scenario described by eq. (1). Residential exposure 
to this contaminated drinking water source is examined through the following pathways:  
1. Ingestion of contaminated drinking water – This scenario assumes direct ingestion 
of unfiltered residential drinking water. An average daily water ingestion rate of 
2.5 L/day was used in this calculation (U.S. EPA, 2011a). 
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2.  Inhalation of VOCs that may volatilize from the water to the air – This exposure 
pathway applies to chemicals with a Henry’s Law constant greater than 1 × 10-5 
atm-m3/mole and a molecular weight less than 200 g/mole, as they are most likely 
to volatilize from water during use and contaminate the air. Three chemicals 
examined in this assessment meet this criteria, benzene, 1,2-dichloroethane, and 
vinyl chloride. This scenario assumes a default volatilization rate of 0.0005 × 
1000 L/m3 based on an equation defining the relationship between a volatile 
chemical’s concentration in water and its average volatilized concentration in the 
air (U.S. EPA, 2004a). This includes all household uses of water 
(showering/bathing, dish washing, cooking …etc.), and assumes an average daily 
air inhalation rate of 15 m3/day (U.S. EPA, 2011a). 
3. Dermal exposure to contaminated water – This pathway examines direct skin 
contact with contaminated water during showering or bathing. This scenario 
assumes total skin surface area exposure for 43 minutes everyday based on 
average values recommended by the Exposure Factors Handbook (U.S. EPA, 
2011a). 
Daily exposure over 30 years was assumed for each pathway based on 
recommended values in the risk assessment guidance (Table D-1; D-2). Based on this 
timeline, a chronic exposure was assumed (U.S. EPA, 2011a). Values, definitions, and 
data sources for all the variables required to estimate daily intake can be found in 
Appendix D (Table D-1; D-2). 
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6.3.2.2. Residential swimming exposure scenario 
Similarly to the tap-water scenario, this exposure scenario is modeled as a result 
of flowback water being accidentally spilled or improperly disposed of directly into a 
44,000,000 L fresh water. The pond volume is used to dilute concentrations found in 
flowback water, assuming that it becomes completely mixed as once it enters the fresh 
water source as described by eq.(1). The exposed individual is then assumed to swim in 
the pond once for 1 hour. In this assessment, the following exposure pathways are 
considered: dermal exposure to contaminated pond water, accidental ingestion of 
contaminated pond water during swimming, and inhalation of volatiles in the 
contaminated pond water during swimming. For a single event, acute exposure 
parameters are assumed (U.S. EPA, 2011a). 
6.3.2.3. Monte Carlo simulation 
Flowback water sampling data from Abualfaraj et al. (2014) were used in this 
analysis, which included concentrations of various constituents found in flowback water 
sampled collected from were collected from 92 wells in the Marcellus shale region 
between March 2008 and December 2010. Abualfaraj et al. (2014) prioritized parameters 
in this dataset based on their concentrations relative to drinking water standards, where 
high priority was given to constituents with concentrations that exceeded drinking water 
standards. Potential health effects of ingestion, inhalation, or dermal exposure to 
contaminants found in flowback water are shown in Table 13. 
Flowback water spill volumes were obtained from the National Response Center’s 
website, which keeps records of spills and chemical releases each year as well as 
information about the incident such as the type of contaminant released, the volume 
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spilled, whether the spill reached water, and the portion of the volume that reached water 
(USCG National Response Center, 2016). A distribution of flowback water spill volumes 
and the volumes that reaches water can be found in Figure 22. For this analysis, spill data 
from 2008 to 2016 were collected and filtered for only spills of flowback water or shale 
gas production water. As the scenario examined in this assessment involves flowback 
reaching drinking water, only spills that reached water were considered (Figure 22).  
From there, Oracle Crystal Ball (Oracle®, Redwood Shores, CA) was used to 
perform a Monte Carlo simulation, fitting a distribution for the concentrations of each 
flowback water constituent examined in this analysis based on the sampling data 
described above, and running 1,000 trial values for each variable, resulting in 1,000 
simulated results for each cancer risk and hazard quotient calculation. A distribution of 
spill volumes that reached water to be included as a variable in the Monte Carlo 
simulation. This way, the resulting ranges of cancer risk and chemical hazard values are 
dependent on variations in the amount of flowback water spilled, as well as contaminant 
concentrations from the flowback sampling data. A list of input variables used in the 
Monte Carlo simulation can be found in Table 14, along with the type of distribution used 
to fit the data, the number of samples, and the data source for each variable. 
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Figure 22: Volume of flowback water spills that reached water and the volume that reached water 
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Table 14: Distribution and data source for assumption variables used in Monte Carlo simulation 
Monte Carlo Simulation Input Variables N Distribution 
Flowback Water Spill Volume (L)1 194 Lognormal 
Aluminum Concentration (mg/L)2 220 Lognormal 
Antimony Concentration (mg/L)2 186 Triangular 
Arsenic Concentration (mg/L)2 219 Logistic 
Barium Concentration (mg/L)2 220 Lognormal 
Benzene Concentration (mg/L)2 123 Lognormal 
Benzo(a)pyrene Concentration (mg/L)2 111 Logistic 
Beryllium Concentration (mg/L)2 216 Minimum Extreme 
Cadmium Concentration (mg/L)2 218 Lognormal 
Copper Concentration (mg/L)2 219 Lognormal 
1,2-Dichloroethane Concentration (mg/L)2 143 Lognormal 
Heptachlor Concentration (mg/L)2 73 Pareto 
Heptachlor Epoxide Concentration (mg/L)2 73 Lognormal 
Iron Concentration (mg/L)2 233 Lognormal 
Lead Concentration (mg/L)2 212 Lognormal 
Manganese Concentration (mg/L)2 220 Lognormal 
Nitrite as N Concentration (mg/L)2 91 Lognormal 
Pentachlorophenol Concentration (mg/L)2 111 Weibull 
Thallium Concentration (mg/L)2 192 Weibull 
Radium-226 Concentration (PCi/L)2 34 Lognormal 
Radium-228 Concentration (PCi/L)2 30 Lognormal 
1 Data collected from USCG (2016) 
2 Data collected from Abualfaraj et al. (2014) 
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6.3.2.4. Residential risk assessment for carcinogens 
Equations used for cancer risk following exposure to chemicals in residential 
drinking water were taken from EPA’s Risk Assessment Guidance for Superfund (RAGS) 
(U. S. EPA, 2004a). This guidance provides methods and equations for conducting 
human health risk assessments, as well as recommended values for certain parameters 
required for calculations. The residential drinking water exposure pathways considered 
are ingestion, inhalation of volatiles, and dermal exposure through showering/bathing. 
The guidance includes equations for the ingestion and inhalation routes, while specific 
procedure to assess exposure and risk form the dermal pathway are provided in the 
Supplemental Guidance for Dermal Risk Assessment (Part E) (U.S. EPA, 2004c). The 
Supplemental Guidance for Inhalation Risk Assessment (Part F) was also used to 
calculate toxicity factors for volatile compounds in flowback water (Exhibit E-3). 
Excess lifetime cancer risk, the increase in the probability of developing cancer 
over a lifetime, is estimated by multiplying the dose by a chemical-specific toxicity factor 
(slope factor) for each exposure route. Appendix D presents definitions and inputs for the 
variables used in cancer risk estimation (Table D-1; Table D-2), as well as ingestion 
cancer toxicity values for the 10 carcinogens examined (Table D-3). Dermal Absorption 
Factors and Inhalation Unit Risk values are also presented in Table D-3 and are used to 
calculate dermal and inhalation slope factors (Exhibit E-2b; E-3). The equations for 
estimating cancer risk in the EPA’s RAGS guidance for ingestion, dermal, and inhalation 
risk are shown in Appendix E (Exhibit E-1; E-2; and E-3). 
The flowback water sampling data utilized in this study includes two high-priority 
radioisotopes (radium-226 and radium-226). Procedures for estimating excess lifetime 
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cancer risk from Part B of the Risk Assessment Guidance for Superfund are presented in 
Exhibit B-4 (U.S. EPA, 2004b). Carcinogenicity slope factor for radionuclides (Table A-
4) were obtained from the Office of Radiation Programs’ Federal Guidance No. 11 (U.S. 
EPA, 1988). The RAGS guidance does not recommend combining cancer risk from 
radionuclides with other carcinogens when calculating total risk due to the differences in 
the equations used and the methods for determining slope factors for radionuclides. These 
results are, therefore, presented separately. 
6.3.2.5. Residential toxicity assessment for non-carcinogens 
Hazard Quotients, the ratio of exposure to the estimated daily exposure level at 
which no adverse health effects are likely to occur, are calculated for non-carcinogenic 
parameters in flowback water. Ingestion, dermal, and inhalation pathways are also 
considered for non-carcinogens using equations in the EPA’s Risk Assessment Guidance 
for Superfund (RAGS) (U.S. EPA, 2004a; U.S. EPA, 2004c; U.S. EPA, 2004d). 
Definitions and inputs for variables used in this estimation are presented in Appendix D 
(Table D-1; D-2). Reference toxicity factors (reference dose) for ingestion and inhalation 
of contaminants in water are presented in Table D-3. Reference doses for dermal 
exposure are calculated based on the dermal absorption factor and equations presented in 
Exhibit E-2b. Totals from all three exposure pathways are computed to estimate the total 
cancer risk and total hazard index for each contaminant. Totals for each pathway for all 
contaminants are also computed and summed to estimate the total cancer risk and total 
hazard index (HI), where: 𝑇𝑜𝑡𝑎𝑙 𝑐𝑎𝑛𝑐𝑒𝑟 𝑟𝑖𝑠𝑘 =  𝐼𝑛𝑔𝑒𝑠𝑡𝑖𝑜𝑛 𝑅𝑖𝑠𝑘 + 𝐼𝑛ℎ𝑎𝑙𝑎𝑡𝑖𝑜𝑛 𝑅𝑖𝑠𝑘 + 𝐷𝑒𝑟𝑚𝑎𝑙 𝑅𝑖𝑠𝑘  ...............  eq. (2) 𝑇𝑜𝑡𝑎𝑙 𝐻𝑎𝑧𝑎𝑟𝑑 𝐼𝑛𝑑𝑒𝑥 = 𝐼𝑛𝑔𝑒𝑠𝑡𝑖𝑜𝑛 𝐻𝐼 + 𝐼𝑛ℎ𝑎𝑙𝑎𝑡𝑖𝑜𝑛 𝐻𝐼 + 𝐷𝑒𝑟𝑚𝑎𝑙 𝐻𝐼 ......................  eq. (3)  
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6.4. Results 
6.4.1. Occupational Risk 
The results of the full hand exposure scenario risk assessment following 
occupational dermal exposure to carcinogenic and non-carcinogenic agents in flowback 
water are presented in Table 15. Compared to a target lifetime cancer risk value of 10-6, 
only benzo(a)pyrene and heptachlor had risk exceeding the limit assuming the worker’s 
full hand is exposed to flowback water that is not washed or otherwise removed from 
skin from 3 hours. The increase in excess lifetime cancer risk from benzo(a)pyrene 
exposure is significant even using the 2.5th percentile concentration, while risk from 
heptachlor exposure is only significant at the upper limit. The total dermal cancer risk for 
all chemicals in this scenario ranges from 2.9 × 10-6 to 1.4 × 10-5, the lower limit of which 
exceeds the lifetime target cancer risk (Table 15). Exposure to carcinogens in flowback 
water for 30-second durations does not increase in risk above the 1 in 1 million target 
value (Table 15). Potential health effects from dermal exposure to benzo(a)pyrene 
include dermatitis and skin tumors (Table 13) 
Hazard quotients were also calculated for non-carcinogenic components of 
flowback water and compared to an acceptable value of 1 (Table 16). Hazard quotient for 
barium in the same model exceeds 1, indicating an increase in the likelihood of adverse 
effects following exposure. However, there are currently no known negative health 
impacts associated with dermal exposure to Barium (Table 13). The overall hazard index 
from exposure to all the flowback water constituents examined ranges from 2.6 × 10-3 to 
2. The hazard index does not exceed 1 for the 30-second exposure models (Table 16). 
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Table 15: Cancer Risk and Hazard Quotient from
 occupational derm
al exposure to median, 2.5 th percentile, and 97.5 th percentile 
concentrations 1 of high priority constituents in flowback water (full hand exposure). Num
bers in red exceed target values 
 
Full Hand Exposure – Skin Surface Area = 904 cm
2 
 
Event Duration = 30 seconds 
Event Duration = 3 hours 
Contaminants 
Dermal Cancer Risk
2 
Dermal Hazard Quotient 2 
Dermal Cancer Risk
2 
Dermal Hazard Quotient 2 
Aluminum 
– 
2.1 × 10
-9 (4.3 × 10
-10 – 1.9 × 10
-8) 
– 
7.5 × 10
-7 (1.6 × 10
-7 – 6.8 × 10
-6) 
Antimony 
– 
6.1 × 10
-6 (6.1 × 10
-7 – 1.2 × 10
-5) 
– 
2.2 × 10
-3 (2.2 × 10
-4 – 4.4 × 10
-3) 
Arsenic* 
3.1 × 10
-11 (3.1 × 10
-12 – 7.5 × 10
-11) 
1.2 × 10
-6 (1.2 × 10
-7 – 2.9 × 10
-6) 
1.1 × 10
-8 (1.1 × 10
-9 – 2.7 × 10
-8) 
4.4 × 10
-4 (4.4 × 10
-5 – 1.1 × 10
-3) 
Barium 
– 
8.5 × 10
-5 (4.0 × 10
-8 – 4.6 × 10
-3) 
– 
3.1 × 10
-2 (1.4 × 10
-5 – 1.7) 
Benzene* 
1.4 × 10
-11 (2.2 × 10
-12 – 6.3 × 10
-9) 
1.1 × 10
-6 (1.8 × 10
-7 – 5.0 × 10
-4) 
3.5 × 10
-10 (5.7 × 10
-11 – 1.6 × 10
-7) 
2.8 × 10
-5 (4.5 × 10
-6 – 1.3 × 10
-2) 
Benzo(a)pyrene* 
2.7 × 10
-7 (1.5 × 10
-7 – 6.3 × 10
-7) 
– 
5.1 × 10
-6 (2.9 × 10
-6 – 1.2 × 10
-5) 
– 
Beryllium 
– 
1.0 × 10
-5 (2.6 × 10
-7 – 2.1 × 10
-5) 
– 
3.7 × 10
-3 (9.4 × 10
-5 – 7.5 × 10
-3) 
Cadmium 
– 
3.6 × 10
-6 (3.6 × 10
-7 – 1.5 × 10
-5) 
– 
1.3 × 10
-3 (1.3 × 10
-4 – 5.2 × 10
-3) 
Copper 
– 
2.3 × 10
-9 (9.1 × 10
-10 – 2.5 × 10
-7) 
– 
8.2 × 10
-7 (3.3 × 10
-7 – 9.2 × 10
-5) 
Dichloroethane, 1,2-* 
7.4 × 10
-12 (7.4 × 10
-13 – 1.5 × 10
-10) 
2.4 × 10
-7 (2.4 × 10
-8 – 4.9 × 10
-6) 
1.8 × 10
-10 (1.8 × 10
-11 – 3.7 × 10
-9) 
5.7 × 10
-6 (5.7 × 10
-7 – 1.2 × 10
-4) 
Heptachlor* 
1.2 × 10
-9 (5.4 × 10
-10 – 5.6 × 10
-8) 
9.1 × 10
-6 (4.2 × 10
-6 – 4.4 × 10
-4) 
2.2 × 10
-8 (1.0 × 10
-8 – 1.1 × 10
-6) 
1.7 × 10
-4 (8.0 × 10
-5 – 8.3 × 10
-3) 
Heptachlor Epoxide* 
3.8 × 10
-10 (1.8 × 10
-10 – 4.2 × 10
-8) 
5.7 × 10
-5 (2.6 × 10
-5 – 6.2 × 10
-3) 
7.3 × 10
-9 (3.4 × 10
-9 – 8.0 × 10
-7) 
1.1 × 10
-3 (5.0 × 10
-4 – 1.2 × 10
-1) 
Iron 
– 
3.1 × 10
-7 (1.3 × 10
-9 – 2.3 × 10
-6) 
– 
1.1 × 10
-4 (4.6 × 10
-7 – 8.3 × 10
-4) 
Lead* 
8.9 × 10
-15 (5.3 × 10
-16 – 1.6 × 10
-13) 
– 
3.2 × 10
-12 (1.9 × 10
-13 – 5.7 × 10
-11) 
– 
M
anganese 
– 
6.6 × 10
-7 (4.1 × 10
-9 – 4.4 × 10
-6) 
– 
2.4 × 10
-4 (1.5 × 10
-6 – 1.6 × 10
-3) 
Nitrite as N 
– 
8.0 × 10
-9 (1.8 × 10
-9 – 6.0 × 10
-6) 
– 
2.9 × 10
-6 (6.6 × 10
-7 – 2.2 × 10
-3) 
Pentachlorophenol* 
2.0 × 10
-10 (4.8 × 10
-11 – 1.1 × 10
-10) 
1.8 × 10
-6 (4.2 × 10
-7 – 9.3 × 10
-7) 
7.2 × 10
-8 (1.7 × 10
-8 – 3.8 × 10
-8) 
6.3 × 10
-4 (1.5 × 10
-4 – 3.3 × 10
-4) 
Thallium 
– 
1.4 × 10
-5 (3.6 × 10
-6 – 3.6 × 10
-4) 
– 
4.9 × 10
-3 (1.3 × 10
-3 – 1.3 × 10
-1) 
Total 
2.7 × 10
-7 (1.5 × 10
-7 – 7.3 × 10
-7) 
1.9 × 10
-4 (3.7 × 10
-5 – 1.2 × 10
-2) 
5.2 × 10
-6 (2.9 × 10
-6 – 1.4 × 10
-5) 
4.6 × 10
-2 (2.6 × 10
-3 – 2.0) 
* Indicates carcinogenic parameters 
1 Concentrations in flowback water retrieved from 
2 Values are presented as median (2.5
th percentile – 97.5
th percentile) 
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Table 16: Cancer Risk and Hazard Quotient from
 occupational derm
al exposure to m
edian, 2.5 th percentile, and 97.5 th percentile 
concentrations 1 of high priority constituents in flowback water (few drops exposure). Num
bers in red exceed target values 
 
Few Drops on Hand Exposure – Skin Surface Area = 45 cm
2 
 
Event Duration = 30 seconds 
Event Duration = 3 hours 
Contaminants 
Dermal Cancer Risk
2 
Contaminants 
Dermal Cancer Risk
2 
Contaminants 
Aluminum 
– 
1.9 × 10
-10 (4.0 × 10
-11 – 1.7 × 10
-9) 
– 
6.9 × 10
-8 (1.4 × 10
-8 – 6.2 × 10
-7) 
Antimony 
– 
5.6 × 10
-7 (5.6 × 10
-8 – 1.1 × 10
-6) 
– 
2.0 × 10
-4 (2.0 × 10
-5 – 4.0 × 10
-4) 
Arsenic* 
2.9 × 10
-12 (2.9 × 10
-13 – 6.9 × 10
-12) 
1.1 × 10
-7 (1.1 × 10
-8 – 2.7 × 10
-7) 
1.0 × 10
-9 (1.0 × 10
-10 – 2.5 × 10
-9) 
4.0 × 10
-5 (4.0 × 10
-6 – 9.7 × 10
-5) 
Barium 
– 
7.8 × 10
-6 (3.7 × 10
-9 – 4.2 × 10
-4) 
– 
2.8 × 10
-3 (1.3 × 10
-6 – 1.5 × 10
-1) 
Benzene* 
1.3 × 10
-12 (2.0 × 10
-13 – 5.8 × 10
-10) 
1.0 × 10
-7 (1.6 × 10
-8 – 4.6 × 10
-5) 
3.2 × 10
-11 (5.2 × 10
-12 – 1.5 × 10
-8) 
2.6 × 10
-6 (4.1 × 10
-7 – 1.2 × 10
-3) 
Benzo(a)pyrene* 
2.5 × 10
-8 (1.4 × 10
-8 – 5.7 × 10
-8) 
– 
4.7 × 10
-7 (2.6 × 10
-7 – 1.1 × 10
-6) 
– 
Beryllium 
– 
9.5 × 10
-7 (2.4 × 10
-8 – 1.9 × 10
-6) 
– 
3.4 × 10
-4 (8.6 × 10
-6 – 6.9 × 10
-4) 
Cadmium 
– 
3.3 × 10
-7 (3.3 × 10
-8 – 1.3 × 10
-6) 
– 
1.2 × 10
-4 (1.2 × 10
-5 – 4.8 × 10
-4) 
Copper 
– 
2.1 × 10
-10 (8.3 × 10
-11 – 2.3 × 10
-8) 
– 
7.5 × 10
-8 (3.0 × 10
-8 – 8.4 × 10
-6) 
Dichloroethane, 1,2-* 
6.8 × 10
-13 (6.8 × 10
-14 – 1.4 × 10
-11) 
2.2 × 10
-8 (2.2 × 10
-9 – 4.5 × 10
-7) 
1.6 × 10
-11 (1.6 × 10
-12 – 3.3 × 10
-10) 
5.2 × 10
-7 (5.2 × 10
-8 – 1.1 × 10
-5) 
Heptachlor* 
1.1 × 10
-10 (4.9 × 10
-11 – 5.1 × 10
-9) 
8.3 × 10
-7 (3.8 × 10
-7 – 4.0 × 10
-5) 
2.0 × 10
-9 (9.4 × 10
-10 – 9.8 × 10
-8) 
1.6 × 10
-5 (7.3 × 10
-6 – 7.6 × 10
-4) 
Heptachlor Epoxide* 
3.5 × 10
-11 (1.6 × 10
-11 – 3.9 × 10
-9) 
5.2 × 10
-6 (2.4 × 10
-6 – 5.7 × 10
-4) 
6.7 × 10
-10 (3.1 × 10
-10 – 7.3 × 10
-8) 
9.8 × 10
-5 (4.6 × 10
-5 – 1.1 × 10
-2) 
Iron 
– 
2.8 × 10
-8 (1.2 × 10
-10 – 2.1 × 10
-7) 
– 
1.0 × 10
-5 (4.3 × 10
-8 – 7.6 × 10
-5) 
Lead* 
8.2 × 10
-16 (4.9 × 10
-17 – 1.5 × 10
-14) 
– 
2.9 × 10
-13 (1.8 × 10
-14 – 5.3 × 10
-12) 
– 
M
anganese 
– 
6.0 × 10
-8 (3.8 × 10
-10 – 4.1 × 10
-7) 
– 
2.2 × 10
-5 (1.4 × 10
-7 – 1.5 × 10
-4) 
Nitrite as N 
– 
7.3 × 10
-10 (1.7 × 10
-10 – 5.5 × 10
-7) 
– 
2.6 × 10
-7 (6.0 × 10
-8 – 2.0 × 10
-4) 
Pentachlorophenol* 
1.8 × 10
-11 (4.4 × 10
-12 – 9.7 × 10
-12) 
1.6 × 10
-7 (3.8 × 10
-8 – 8.5 × 10
-8) 
6.6 × 10
-9 (1.6 × 10
-9 – 3.5 × 10
-9) 
5.8 × 10
-5 (1.4 × 10
-5 – 3.1 × 10
-5) 
Thallium 
– 
1.2 × 10
-6 (3.3 × 10
-7 – 3.3 × 10
-5) 
– 
4.5 × 10
-4 (1.2 × 10
-4 – 1.2 × 10
-2) 
Total 
2.5 × 10
-8 (1.4 × 10
-8 – 6.7 × 10
-8) 
1.7 × 10
-5 (3.4 × 10
-6 – 1.1 × 10
-3) 
4.8 × 10
-7 (2.6 × 10
-7 – 1.3 × 10
-6) 
4.2 × 10
-3 (2.3 × 10
-4 – 1.8 × 10
-1) 
* Indicates carcinogenic parameters 
1 Concentrations in flowback water retrieved from 
2 Values are presented as median (2.5
th percentile – 97.5
th percentile) 
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6.4.2. Residential Risk 
6.4.2.1. Residential exposure from tap-water 
Excess lifetime cancer risk from ingestion, dermal, and inhalation exposure to the 
10 carcinogenic high-priority constituents in flowback water is presented in Figure 23 as 
a range of values based on the 1,000 trials generated by the Monte Carlo simulation. 
None of the contaminants exceed the target risk of developing cancer (10-6) at the median 
value. However, the upper limit of risk for several constituents exceeds the cancer risk 
target. Ingestion risk from exposure to arsenic, benzo(a)pyrene, heptachlor, heptachlor 
epoxide, and pentachlorophenol exceed acceptable lifetime cancer risk, with arsenic 
having the highest 95th percentile value (~ 10-4). This can be expressed as the risk of one 
incremental increase in cancer occurrence for every ten thousand people exposed to 
arsenic under similar conditions.  
Of the two volatile carcinogens analyzed, only benzene exceeds the target cancer 
risk, and only between the 95th percentile and the maximum value, where cancer 
occurrence increases by one for every one hundred thousand exposed individuals 
compared to the unexposed general population. Risk from the dermal exposure route, 
similarly to the ingestion pathway, exceeds acceptable cancer risk at the upper limit for 
the following constituents: benzene, benzo(a)pyrene, heptachlor, heptachlor epoxide, and 
pentachlorophenol. 
Hazard Quotients for non-carcinogenic constituents in flowback water are shown 
in Figure 24. The hazard quotient provides a ratio of the concentration in relation to the 
reference dose for each parameter with non-carcinogenic adverse health effects, which is 
then compared to 1, the acceptable target value. It appears from Figure 24 than non-
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carcinogens found in flowback water pose a much smaller threat to human health than the 
carcinogenic contaminants in Figure 23. Only two constituents exceeded the target HQ of 
1 and the upper bound, barium and thallium. Risk from both ingestion and dermal 
exposure to barium exceed the target, while only ingestion of thallium exceeds the target, 
at the 95th percentile values for concentrations in flowback and the volume of spilled into 
the drinking water source. Ingestion of barium and thallium can cause nausea and 
vomiting, liver damage, and nervous system effects (Table 13).  
 
 
 
 
Figure 23: Excess lifetime cancer risk from residential exposure to high-priority carcinogenic 
contaminants found in flowback water 
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Figure 24: Hazard Quotient from residential exposure to high-priority non-carcinogenic 
contaminants found in flowback water 
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Figure 25 combines risk and HQ values from all three exposure pathways in order 
to calculate the total cancer risk and total Hazard Index from residential exposure to each 
contaminant of concern in flowback water. Again, cancer risk and HI values are 
compared to their target values of 10-6 and 1, respectively. The distributions for both 
cancer risk and HI generally fall below the target limits, with only maximum values and 
4th quartile ranges for some parameters exceeding targets. For carcinogens, benzene, 
benzo(a)pyrene, heptachlor, heptachlor epoxide, and pentachlorophenol all have upper-
bound concentrations that can significantly increase an individual’s risk of developing 
cancer. For non-carcinogens, similarly to Figure 24 only maximum concentrations of 
barium and thallium are a source of systemic toxicity for human health. 
Figure 26, on the other hand, combines cancer risk and toxicity values of all the 
carcinogenic and non-carcinogenic constituents for each exposure pathway. In this way, 
the pathway of most concern can be identified in terms of exposure to high-priority 
constituents found in flowback water. Figure 26 also includes total cancer risk and the 
total hazard index for all three pathways combined for all 20 flowback water constituents 
examined. In both cases, the total risk and total HI are controlled by the exposure 
pathway of most concern; dermal exposure for carcinogens and ingestion for non-
carcinogens. 
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Figure 25: Total cancer risk and total hazard quotient from residential exposure to high-priority 
contaminants found in flowback water 
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Figure 26: Total caner risk and hazard quotient for each residential exposure pathway to high-
priority contaminants found in flowback water 
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Figures 27 and 28 show the increase in cancer risk from exposure to radionuclides 
in residential drinking water. In Figure 27, risk from each exposure pathway for radium-
226 and radium-228 are presented. For both radioisotopes, inhalation poses the highest 
risk, where the median values for both parameters exceed the target value of 10-6. Median 
dermal risk from exposure to radionuclides, defined as immersion in water, approached 
10-6 for radium-226, while radium-228 exceeds the target value at the 75th percentile 
(Q3). Ingestion risk form both radionuclides only exceeds target at the upper limits 
(between Q3 and the upper whisker). Combining both radioisotopes shows that the total 
risk from exposure to radionuclides in water is governed by the inhalation risk (Figure 
28). The range for each pathway individually exceeds the target lifetime risk at some 
level, in fact the inhalation risk exceeds 10-6 even at the 25th percentile value, as does the 
total risk from all three pathways combined. 
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Figure 27: Excess lifetime cancer risk from residential exposure to high priority radionuclides found 
in flowback water 
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Figure 28: Total cancer risk from residential exposure pathways to high-priority radionuclides found 
in flowback water 
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6.4.2.2. Residential exposure from swimming 
Risk from this scenario only exceeds limits from the inhalation pathway. Figure 
29 shows the total cancer risk and total hazard index from exposure to flowback water in 
a small pond by swimming in the pond once for one hour. Figure 30 shows the total 
cancer risk from exposure to radionuclides in flowback water from swimming in a 
contaminated pond for one hour. In both figures, the pathway of most concern is the 
inhalation pathway, which exceeds the target values even at median concentrations, while 
the dermal and ingestion pathways are below target values.  
 
 
 
 
Figure 29: Total cancer risk and hazard index from swimming exposure to high priority 
contaminants in flowback water 
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Figure 30: Total cancer risk from exposure pathways to high priority radionuclides in flowback 
water 
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6.5. Discussion 
While the occupational portion of this analysis focuses only on dermal exposures 
to hydraulic fracturing fluid and flowback water, it is important to point out that many of 
the chemical compounds present in those liquids carry a significant amount of risk 
through other routes of exposure as well. Other potential exposure pathways not 
considered include the inhalation of volatile compounds (Bloomdahl et al., 2014; R. 
Heinrich-Ramm et al., 2009), ocular exposure to chemicals in water or volatiles in the air, 
and dermal exposure to contaminated soil. In addition, cancer risk from radionuclides 
was not considered. While the flowback water data utilized in this study included 
concentrations for radionuclides, external exposure to radionuclides in water is defined as 
“immersion” in water, typically through showering/bathing or swimming (ORNL, 2014). 
In the scenarios examined here, the worker is assumed to have flowback water spill onto 
their skin, rather than being immersed in water. The toxicity parameters for external 
exposure to radionuclides through immersion in water do not apply to this scenario. 
The exposure frequency estimate in this assessment (52 events/year for 4 years) 
presents an extreme scenario; a typical natural gas worker is not likely to experience as 
many exposure events each year. However, this assessment is a useful tool for comparing 
risk among the various constituents in flowback water and identifying parameters of 
concern. Out of the 10 carcinogens assessed, only one of the constituents resulted in 
cancer risk exceeding acceptable levels. The range of cancer risk from full hand exposure 
to benzo(a)pyrene for 3 hours and the upper limit of cancer risk from full hand exposure 
to benzo(a)pyrene for 30 seconds exceeded the 10-6 target cancer risk. The total risk for 
all the chemicals combined also exceeds the level in the ‘full hand exposure for 3 hours’ 
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scenario. The high carcinogenic risk from benzo(a)pyrene can be attributed to its 
relatively high value for dermal absorption slope factor. Among non-carcinogens, only 
the 97.5th percentile concentration of barium presents a hazard quotient greater than 1 
following full hand exposure for 3 hours. The upper limit of the total hazard index from 
full hand exposure to flowback water for 3 hours presents a significant risk as it exceeds 
the acceptable limit of 1. 
This study assumes exposure duration of 4 years (the median occupational tenure 
for oil and gas related fields, according to the Bureau of Labor). However, it is possible 
for workers to be exposed to the flowback water for longer periods of time. Increasing the 
exposure duration to 10 years does not result in unacceptable cancer risk values for any 
of the constituents examined in the study other than benzo(a)pyrene and only slightly 
increases the total cancer risk in the full hand exposure scenario to 6.8 × 10-7 and 1.3 × 
10-5 for 30 second and 3 hour exposure lengths, respectively, indicating that it takes very 
extended exposure times, even at the upper limits of chemical concentrations, for the 
increase in lifetime excess cancer risk from occupational dermal exposure to flowback 
water to be significant. 
Overall, the dermal pathway is of greater concern regarding risk to workers than 
the inhalation from volatilization of pond water pathway presented in Bloomdahl et al. 
(2014). However, the dermal pathway depends on a failure occurring, whereas worker 
exposure to volatiles is unavoidable if flowback is stored in ponds on-site. In addition, 
inhalation risk from VOCs and silica is a source of concern during various stages of the 
extraction process and is not limited to exposure to storage ponds. 
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A limitation to the risk assessment for dermal exposure to chemical compounds in 
flowback water is that the constituents of flowback water are highly variable throughout 
all of Marcellus Shale. Due to variations in geology, biology, hydrology, and chemical 
and mineralogical composition of the shale, the chemical additives required in hydraulic 
fracturing fluid and the naturally occurring chemicals that resurface in the flowback will 
also vary (NYSDEC, 2015).  This affects how the risk assessment should be interpreted, 
as risk will not be the same at every individual well. Examining regional effects and 
implementing more site-specific information would result in a more accurate risk 
assessment to better inform decision-makers regarding appropriate precautions should be 
taken to prevent worker exposure to flowback water in regions of concern. 
In addition, the results of this analysis are dependent on the prioritization of 
contaminants in flowback water based on drinking water standards. To determine the 
validity of this approach, a scatterplot of mean concentration-to-MCL ratios versus 
dermal risk for each constituent in flowback water was created. Figure 31 shows that the 
data generally fit an upward sloping trend line, indicating that higher concentrations 
relative to MCLs generally result in higher risk. The R-squared value, a statistical 
measure for how well the data fit the trend line, is relatively small (R2 = 0.194), however. 
It may be necessary to examine other methods for prioritizing contaminants in flowback 
water in order to estimate risk from the parameters that pose the greatest threat to human 
health. 
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Figure 31: Mean excess lifetime cancer risk and mean hazard index form dermal exposure vs. mean 
concentration/MCL for each carcinogenic high-priority contaminant in flowback water 
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The risk assessment conducted in this study helps provide a priority list for 
contaminants in flowback water that are likely to pose the greatest threat to human health. 
In general, the risk of developing cancer from this type of exposure is relatively low, with 
only values at the upper bound of the Monte Carlo simulation trial results exceeding 
target limits for excess lifetime cancer risk. The Monte Carlo simulation also revealed 
that changes in spill volumes had a greater effect on the results than the fluctuations in 
concentrations for each chemical. Correlating the input variables with the outcome 
variables shows that the flowback water volume has the strongest relationship with the 
total cancer risk and the total hazard index of all the input variables (Table 14). The spill 
data used in this study included only 194 reported spill incidents of flowback that reached 
water from the National Response Center’s data, with volumes ranging from < 1 Liter to 
350,000 Liters. Seeing as this variable has the greatest effect of the results of this model, 
obtaining a larger data set of spill volumes would help increase the predictive validity of 
the model (Figure 22). 
Of the 10 carcinogens examined in this assessment, benzene, benzo(a)pyrene, 
heptachlor, heptachlor epoxide, pentachlorophenol, and vinyl chloride are of concern at 
the upper-bound values. In addition to increasing the risk of developing cancer, chronic 
exposure to these constituents can have serious adverse effects on human health, 
including liver and kidney diseases, neurological damage, and compromised immunity. 
When considering different exposure pathways, dermal exposure through bathing or 
showering had the highest risk, while inhalation of volatiles from the water does not pose 
a serious threat considering only 3 of parameters included in the assessment were 
considered volatile (benzene, 1,2-dichloroethane, and vinyl chloride).  
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It should be noted, however, that while vinyl chloride poses a significant risk at 
the upper range of the distribution, vinyl chloride concentrations collected from the 
flowback sampling were mostly not detected as they were either present in flowback 
water at concentrations below the instrumental detection limit, or were not present at all. 
Less than 5% of samples had detected values of vinyl chloride, so it is not likely to be a 
component typically found in flowback water. In addition, the composition of flowback 
water will vary greatly due to differences in geological, geographical, and biological 
conditions. The list of high-priority contaminants was developed based on their 
concentrations relative to drinking water standards; this list will likely vary when 
applying site-specific conditions or with different samples of flowback water. Figure 8 
examines the validity of this prioritization by comparing mean risk and toxicity values for 
each contaminant to its mean concentration/MCL. The data for cancer risk and hazard 
index generally follow a positive linear relationship between both prioritization methods. 
The R-squared values, which measure of the proportion of the variance predicted by the 
model, are relatively low for both parameters; (R2 = 0.64 and 0.26 for cancer risk and 
hazard index, respectively) indicating that the model is not a very good fit for the data. It 
may be necessary to examine different prioritization methods for these constituents, such 
as by their likelihood of being present in flowback water first, in order to better identify 
parameters of most concern. 
Systemic toxicity, expressed as the hazard quotient, from non-carcinogenic 
contaminants poses less of a threat to human health. Of the parameters considered, two 
exceed the target ratio of 1 at the 95th percentile of the simulated values. In this case, risk 
from ingestion of barium and thallium pose the greatest threat to human health while 
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toxicity from dermal exposure is much lower (Figure 24; 25; and 26). While not classifies 
as carcinogens, barium and thallium can have adverse health effects following chronic 
exposure, including gastrointestinal, respiratory, and nervous system effects (Table 13). 
Radionuclides, which are known to exist in flowback and produced water as a 
result of naturally occurring within shale formations, pose a significant risk to human 
health and increase the likelihood of developing cancer in exposed individuals. Dermal 
and ingestion risk exceed limits at the higher end of their distributions, while median 
values for inhalation risk are at unacceptable levels. While this depends on radionuclides 
volatilizing from water, they pose a significantly greater risk than any other contaminant 
included in this analysis and, therefore, should not be overlooked.  
Based on the assumed 30-year exposure duration, the scenario presented in this 
assessment represents an extreme case, as this would require a continuous source of 
contamination with similar volumes and concentrations. Reducing the exposure duration 
to 5 years reduces all 95th percentile values for total risk and total HI to below target 
values. The risk of cancer occurrence from radionuclide exposure, however, is still 
significant (greater than one in one million) for exposure durations as short as 2 weeks. 
While there is evidence of flowback water being illegally disposed of, it is not likely to 
end up in fresh water supplies without treatment, attenuation, or degradation, which are 
not considered in this study. Despite limitations, this assessment provides a useful tool 
for determining which chemicals will pose the greatest threat to human health which can 
better inform treatment and removal strategies as well as provide insight into necessary 
precautions and preventative measures when disposing of wastewaters produced from 
shale gas development.  
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Figure 32: Mean excess lifetime cancer risk and mean hazard index for high-priority flowback water 
contaminants in residential drinking water vs. mean concentration/MCL for each contaminant 
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Table 17: Spearman’s Rank Order correlation coefficients between input and output variables 
defined in Monte Carlo Simulation 
Input Variables Spearman’s ρ – Output Variables 
Total Cancer Risk Total Hazard Index 
Flowback Water Spill Volume (L)1 0.975** 0.915** 
Aluminum Concentration (mg/L) 0.046 0.027 
Antimony Concentration (mg/L) 0.005 0.000 
Arsenic Concentration (mg/L) 0.016 0.032 
Barium Concentration (mg/L) 0.043 0.184** 
Benzene Concentration (mg/L) 0.053* 0.034 
Benzo(a)pyrene Concentration (mg/L) 0.061* 0.019 
Beryllium Concentration (mg/L) 0.028 0.057* 
Cadmium Concentration (mg/L) 0.012 0.039 
Copper Concentration (mg/L) 0.007 0.016 
Dibromochloromethane Concentration (mg/L) 0.034 0.055* 
1,2-Dichloroethane Concentration (mg/L) 0.048 0.057* 
Heptachlor Concentration (mg/L) 0.025 0.021 
Heptachlor Epoxide Concentration (mg/L) 0.008 0.014 
Iron Concentration (mg/L) 0.006 0.017 
Lead Concentration (mg/L) 0.019 0.018 
Manganese Concentration (mg/L) 0.010 0.022 
Nitrite as N Concentration (mg/L) 0.013 0.022 
Pentachlorophenol Concentration (mg/L) 0.032 0.030 
Thallium Concentration (mg/L) 0.023 0.157** 
Vinyl chloride Concentration (mg/L) 0.015 0.016 
Input Variables Total Radionuclide Cancer Risk 
Flowback Water Spill Volume (L)1 0.901** 
Radium-226 Concentration (PCi/L) 0.362** 
Radium-228 Concentration (PCi/L) 0.142** 
** Correlation significant at the 0.01 level (1-tailed) 
* Correlation is significant at the 0.05 level (1-tailed) 
1 Strong correlation (Spearman’s ρ	>	0.7) 
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Chapter 7: Conclusions 
The analyses conducted in this thesis were carried out with the goal of gaining a 
better understanding of the shale gas industry, particularly by identifying sources of 
concern to the environment and human health and prioritizing them based on the 
potential risk they pose. Based on the literature review, it is evident that a large source of 
concern regarding this industry stems from the wastewater produced from the hydraulic 
fracturing process, its chemical composition, its potential to be released to the 
environment, and the negative impact resulting form human exposure to it. Statistical 
analysis of flowback water data revealed high concentrations of chlorinated solvents, 
disinfectants, dissolved metals, organic compounds, radionuclides and total dissolved 
solids. The following constituents were found to have mean concentrations over 10 times 
greater than the MCL: Barium, Benzene, Benzo(a)pyrene, Chloride, 
Dibromochloromethane, Gross Alpha, Radium, and Thallium. 
An inspection of compliance records for the natural gas industry in the state of 
Pennsylvania revealed that, when inspected, conventional wells had 40% higher odds of 
having a violation, but unconventional wells had higher odds for environmental 
violations related to waste discharge as well as cementing and casing failures. In addition, 
when asked to rank potential failures and accidents that may occur on a shale gas site, 
experts in the field agreed that incidents regarding accidental spills and leaks of 
wastewater are of most concern. In terms of impact to the general public, illegal dumping 
and accidental spills of flowback water are ranked highest. While illegal disposal of 
waste was not reported to occur frequently, accidental spills were ranked as the most 
frequently occurring scenario of concern on shale gas development sites. Regarding the 
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welfare of workers on-site, experts in the field agree that the failure scenario of most 
concern is improper use of personal protective equipment by the worker, which is 
reported to occur relatively frequently compared to other scenarios.  
Based on these results, two scenarios were examined to conduct a human health 
risk assessment: (1) an occupational exposure scenario for on-site workers assuming 
direct dermal contact with flowback water due to a failure to use appropriate protective 
equipment; (2) a residential exposure scenario where a fresh drinking water source is 
contaminated with flowback water that is either illegally dumped or accidentally spilled. 
The risk assessment revealed that several carcinogenic compounds found in flowback 
water exceed target limits and significantly increase the risk of an individual developing 
cancer following chronic exposure. In general, exposure from the dermal pathway posed 
the greatest risk to human health. Considering non-carcinogenic effects, only barium and 
thallium exceed target limits, where the ingestion pathway seems to be of greater concern 
than dermal exposure. Exposure to radionuclides in flowback water, particularly through 
the inhalation of volatile compounds that will volatilize from the water to the air during 
normal daily use, poses a greater threat to human health than other contaminants 
examined in this assessment. 
7.1. Policy Implications 
The finding that unconventional wells have a higher ratio of violations to the 
number of active wells than conventional wells should not be overlooked. The regression 
analysis in Chapter 4, which does not control for the number of active wells each year, 
revealed that conventional wells are generally more likely to have violations of any kind 
when inspected. However, conventional wells are inspected less frequently, and when 
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comparing violation rates relative to the number of active wells, we found that, on 
average, 20% of unconventional wells have violations each year, compared to 3% for 
conventional wells. The variability in the rate of inspection for unconventional wells over 
time is a point of concern. This is a key finding that has policy implications as it supports 
the ongoing and continued need for inspections of all wells independent of number of 
wells in operation. It may be necessary to examine regional effects as well as budget 
allocation within the DEP in order to determine what factors are contributing to the 
differences in inspection frequency. 
Even though there were no significant decreases in the number of wells inspected 
each year from 2011 to 2013, there was a gradual decrease in the number of violations 
issued each year in that same time period. While this may be an indication of more 
protective safety practices on site, there is evidence to suggest that this could be 
attributed to regulatory policies implemented in 2011 making it more difficult for 
inspectors to issue violations for shale gas wells in the state. While the policy in question 
was rescinded a few weeks after it was issued, the decrease in violations might be 
associated with an unwritten change in practices. Further analysis may be necessary to 
determine the effect various policies and regulatory changes in the shale gas industry 
have had on the distribution of violations over time. Comparing violation rates among the 
large operators in the state revealed that companies differ significantly in their violation 
records. This suggests a need for more sophisticated efforts to identify practices that 
result in high-performing and low-performing companies. While the analysis shows a 
trend towards safer practices over time, identifying the factors that affect violation rates 
among companies can lead to more uniform best practices across the state. 
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The expert opinion survey regarding failure scenarios on hydraulic fracturing sites 
also revealed some insight into regulatory and safety practice on-site. Illegal dumping of 
flowback water, while rated as the least frequently occurring scenario, is also the least 
protected by safety controls. The treatment and disposal of flowback and hydraulic 
fracturing wastewater falls under regulation at both the state and federal levels. However, 
based on the responses to this survey, there may be a need for better monitoring and 
accountability to ensure that it is not being disposed of improperly. While it seems to 
occur infrequently, improper disposal of wastewater that is often high in salinity, TDS, 
and radionuclides, can have negative impacts on public health and the surrounding 
environment. 
The general consensus among survey participants was that safety regulations and 
guidelines are adequately protective. However, there is an indication that some 
guidelines, particularly regarding proper protective equipment, are often ignored. This 
seeming contradiction may point to a need to revise not the standard for protective 
equipment but the monitoring and compliance system. Several responses to the final two 
questions, which asked participants to describe any other failure scenario related to shale 
gas and to suggest any improvements to regulatory and safety practices, note that failures 
generally only occur when health and safety guidelines are violated by accident or 
ignored from negligence. Some notable suggested regulatory and safety improvements 
include more frequent inspections, more rigorous training requirements particularly for 
truck drivers carrying hazardous waste, increasing fines for illegal dumping of flowback 
water, and better enforcement of PPE usage on-site. 
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7.2. Limitations 
There are several limitations associated with this analysis. One limiting factor is 
in regards to the flowback data compilation, which did not control for flowback day. As 
the data were collected from various sources with inconsistent documentation, it was not 
possible to sort the concentrations of all the contaminants by the day of flowback. While 
this may be adequate for approximating the conditions in a holding pond or storage 
lagoons (in which flowback and production brines from different times are mixed), it may 
not be quantitatively representative of the actual proportions of flowback and production 
brines from different time periods. Additionally, directly comparing concentrations to 
MCLs is a somewhat simplistic approach since the concentrations would likely be 
attenuated due to natural environmental processes. The results of this analysis do not 
necessarily indicate that the MCL for any particular constituent will be exceeded if 
flowback water is released into the environment. 
A limitation to the risk assessment for dermal exposure to chemical compounds in 
flowback water is that the constituents of flowback water are highly variable throughout 
all of Marcellus Shale. Due to variations in geology, biology, hydrology, and chemical 
and mineralogical composition of the shale, the chemical additives required in hydraulic 
fracturing fluid and the naturally occurring chemicals that resurface in the flowback will 
also vary. This affects how the risk assessment should be interpreted, as risk will not be 
the same at every individual well. Examining regional effects and implementing more 
site-specific information would result in a more accurate risk assessment to better inform 
decision-makers regarding appropriate precautions should be taken to prevent worker 
exposure to flowback water in regions of concern. 
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In addition, the results of this analysis are dependent on the prioritization of 
contaminants in flowback water based on drinking water standards. A scatterplot of mean 
concentration-to-MCL ratios versus occupational and dermal toxicity values for each 
constituent in flowback water was created showing that the data generally fit an upward 
sloping trend lines, indicating that higher concentrations relative to MCLs generally 
result in higher risk. The R-squared values, a statistical measure for how well the data fit 
the trend line, were relatively small, however. It may be necessary to examine other 
methods for prioritizing contaminants in flowback water in order to estimate risk from 
the parameters that pose the greatest threat to human health. 
Based on the assumed 30-year exposure duration in the residential model, the 
scenario represents an extreme case, as this would require a continuous source of 
contamination with similar volumes and concentrations. Reducing the exposure duration 
to 5 years reduces all 95th percentile values for total risk and total HI to below target 
values for all constituents except radionuclides. The risk of cancer occurrence from 
radionuclide exposure is still significant (greater than one in one million) for exposure 
durations as short as 2 weeks. While there is evidence of flowback water being illegally 
disposed of, it is not likely to end up in fresh water supplies without treatment, 
attenuation, or degradation, which are not considered in this study. Despite limitations, 
this assessment provides a useful tool for determining which chemicals will pose the 
greatest threat to human health which can better inform treatment and removal strategies 
as well as provide insight into necessary precautions and preventative measures when 
disposing of wastewaters produced from shale gas development. 
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Appendices 
Appendix A: Correlations Between Constituents in Flowback Water 
 
 
 
 
From the results in Chapter 3, 12 constituents of flowback water were given high 
priority as their mean concentrations exceeded the Maximum Contamination Level by 
tenfold. In an effort to find relationships between concentrations of the top priority 
contaminants, the data for each of the constituents were grouped by sample. The 
Spearman’s Rank correlation coefficient was then calculated for all of the constituents in 
order to determine which ones had strong relationships. The results of the correlation 
analysis are presented in Figures A-1 through A-12. 
Constituents with correlation coefficients greater than 0.7 were considered strong, 
while coefficients smaller than 0.7 were considered moderate or weak. Of the fifteen 
contaminants tested, twelve different pairs revealed strong relationships with high 
correlation coefficients. These pairs were plotted against each other in order to provide a 
visual representation of the relationship between the two constituents (Figures A-1 – A-
12). Several of the pairs appear to have strong linear relationships. The correlations 
between benzene and other organic compounds were very strong, although Figure A-3 
and A-4 do not present a strong linear relationship between the constituents. 
Radionuclides also appear to have strong correlations with each other and with chloride, 
however the graphs show that it was not possible to predict a linear relationship for these 
constituents (Figure A-7 – A-10). 
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Figure A-1: Benzene vs. Dibromochloromethane Showing Some Correlation. Spearman’s ρ = 0.762 
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Figure A-2: Benzene vs. Vinyl Chloride Showing Some Correlation. Spearman’s ρ = 0.839 
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Figure A-3: 1,2-Dichloroethane vs. Dibromochloromethane Showing a Strong Relationship. 
Spearman's ρ = 0.729 
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Figure A-4: 1,2-Dichloroethane vs. Vinyl Chloride with a Strong Correlation. Spearman’s ρ = 0.960 
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Figure A-5: Dibromochloromethane vs. Vinyl Chloride with a Strong Relationship.  
 Spearman’s ρ = 0.945 
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Figure A-6: Log Chloride vs. Log Manganese Indicating a Strong Relationship. Spearman’s ρ = 0.770 
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Figure A-7: Log Iron vs. Log Manganese with a strong linear relationship. Spearman’s ρ = 0.768  
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Figure A-8: Chloride vs. Radium-226 with no linear relationship. Spearman’s ρ = 0.738 
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Figure A-9: Chloride vs. Radium-228 with some linear relationship. Spearman’s ρ = 0.892 
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Figure A-10: Gross Alpha vs. Radium-226 with a moderate linear relationship. Spearman’s	ρ = 0.753 
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Figure A-11: Gross Alpha vs. Radium-228 indicating moderate relationship. Spearman’s ρ = 0.907 
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Figure A-12: Radium-226 vs. Radium-228 with linear correlation. Spearman’s ρ = 0.855 
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Appendix B: Supplemental Compliance Data 
 
 
 
 
Table B-1: Number of Inspections, Active Wells, and Violations for the 20 Largest Operators 
(Retrieved September 2014) 
Operator # of Inspections 
# of Active 
Wells 
# of ENV. 
Violations 
# of 
ADMIN. 
Violations 
RANGE RESOURCES LLC 11094 5940 308 213 
ATLAS RESOURCES INC 4338 4865 81 110 
CNX GAS CO LLC 2673 4209 128 91 
SNYDER BROS INC 3887 3473 187 297 
SENECA RESOURCES CORP 4920 3269 227 430 
PHILLIPS EXPLORATION INC 3078 3049 109 61 
EXCO RESOURCES PA INC 2422 2128 101 141 
BELDEN & BLAKE CORP 2079 1967 104 283 
EOG RESOURCES INC 2422 1928 90 132 
EAST RESOURCES INC 2647 1843 245 441 
CHESAPEAKE APPALACHIA LLC 6243 1812 309 327 
TEXAS KEYSTONE INC 2152 1807 85 196 
TW PHILLIPS GAS SUPPLY CORP 69 1795 1 6 
CATALYST ENERGY INC 4091 1725 216 338 
PA GEN ENERGY CO LLC 2633 1571 126 127 
KRIEBEL MINERALS INC 2252 1367 35 44 
EASTERN STATES EXPLORATION CO 123 1367 2 4 
ATLAS RESOURCES LLC 4545 1297 104 87 
US ENERGY DEV CORP 2048 1285 329 243 
ENERVEST OPR LLC 1316 1237 63 103 
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   Table B-2: Binary regression results for seven dependent variables with nine predictor variables (Retrieved September 2014) 
 
M
odel 5 
M
odel 6 
M
odel 7 
M
odel 8 
M
odel 9 
M
odel 10 
M
odel 11 
Variables in Equation 
β 
Exp(β) 
β 
Exp(β) β Exp(β) β Exp(β) 
β 
Exp(β) 
β 
Exp(β) 
β 
Exp(β) 
O
perator Size 
N
S 
N
S 
N
S 
N
S 
-.0535
a 
0.586 
N
S 
N
S 
U
nconventional 
2.406
a 
11.092
 
N
S 
N
S 
N
S 
-1.408
a 
0.245 
N
S 
N
S 
Spud Y
ear 
N
S 
-0.090
a 
0.914 
N
S 
N
S 
N
S 
N
S 
N
S 
First Y
ear 
N
S 
N
S 
N
S 
N
S 
2.417
a 
11.210 
1.436
a 
4.205
 
N
S 
Second Y
ear 
N
S 
N
S 
N
S 
N
S 
2.714
a 
15.087 
N
S 
N
S 
Inspection R
atio 
N
S 
-17.602
a 
0.000
 
N
S 
N
S 
-5.299
a 
0.005 
-20.435
a 
1.3E-9
 
10.875
a 
5.2E+4 
N
C
 R
egion 
N
S 
N
S 
N
S 
N
S 
N
S 
N
S 
N
S 
N
W
 R
egion 
N
S 
N
S 
N
S 
N
S 
N
S 
N
S 
N
S 
SW
 R
egion 
N
S 
N
S 
N
S 
N
S 
N
S 
N
S 
N
S 
C
onstant 
156.479
a 
9E+67
 
176.87
a 
7E+76
 
N
S 
N
S 
26.717
a 
4E+11 
N
S 
N
S 
M
odel χ
2 =  
20.95
a 
59.883
a 
18.954
a 
N
S 
501.647
a 
53.523
a 
112.840
a 
C
ox and Snell R
2 =  
0.000 
0.000 
0.000 
0.000 
0.004 
0.000 
0.001 
N
agelkerke R
2 = 
0.024 
0.043 
0.067 
0.166 
0.123 
0.072 
0.033 
M
odel 5: Dependent variable is Inspection resulting in violation related to surface spills 
M
odel 6: Dependent variable is inspection resulting in violation related to encroachment 
M
odel 7: Dependent variable is inspection resulting in violation related to gas migration 
M
odel 8: Dependent variable is inspection resulting in violation related to gas venting 
M
odel 9: Dependent variable is inspection resulting in violation related to site restoration 
M
odel 10: Dependent variable is inspection resulting in violation related to water supply restoration 
M
odel 11: Dependent variable is inspection resulting in violation related to storage or transportation failure 
a Covariate is significant [p < 0.005] 
NS – Not Significant 
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Appendix C: Failure Scenarios Survey 
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Appendix D: Variable definitions and Input Values Used in Risk Assessment 
 
 
 
 
Table D-1: Definitions for variables used in cancer risk and hazard quotient calculations 
Variable Variable Description Source 
ABSGI Fraction absorbed in gastrointestinal tract (dimensionless) (U.S. EPA, 2004c) 
AT Averaging time (70 years) (U.S. EPA, 2004c) 
B Correlation coefficient (dimensionless) (U.S. EPA, 2004c) 
BW Average Adult Body Weight (80 kg) (U.S. EPA, 2014) 
DAD Dermal Absorbed Dose (mg/kg – day) (U.S. EPA, 2004c) 
Cw Chemical concentration in water (mg/cm3) (Abualfaraj et al., 2014) 
FA Fraction absorbed water (dimensionless) (U.S. EPA, 2004c) 
k Volatilization rate (0.5 m3/L) (U.S. EPA, 2011a) 
KP Dermal permeability coefficient of compound in water (cm/hr) (U.S. EPA, 2004c) 
IUR Inhalation unit risk Table D-3 
RfCi Inhalation reference concentration (mg/m3) Table D-3 
RfDABS Absorbed reference dose (mg/kg – day) Table D-3; Exhibit E-2b 
RfDi Inhalation reference dose (mg/kg – day) Table D-3; Exhibit E-3 
RfDO Oral reference dose (mg/kg – day) Table D-3 
SFABS Absorbed slope factor (mg/kg – day)-1 Table D-3; Exhibit E-2b 
SFi Inhalation slope factor (mg/kg – day)-1 Table D-3; Exhibit E-3 
SFimm Immersion slope factor (mg/kg – day)-1 Table D-4 
SFO Oral slope factor (mg/kg – day)-1 Table D-3 
 
 
 
Table D-2: Inputs and definitions for exposure variable assumptions used in cancer risk and hazard 
quotient calculations 
Variable Variable Description Value Source 
AT Averaging time (years) 70 (U.S. EPA, 2004c) 
BW Average Adult Body Weight (kg) 80 (U.S. EPA, 2014) 
ED Exposure duration (years) 30 (U.S. EPA, 2011a) 
EF Exposure frequency (days/year) 350 (U.S. EPA, 2011a) 
EV Event frequency (events/day) 1 (U.S. EPA, 2011a) 
IRw Daily water ingestion rater (L/day) 2.5 (U.S. EPA, 2011a) 
IRa Daily air inhalation rater (m3/day) 15 (U.S. EPA, 2011a) 
SA Exposed skin surface area (cm2) 19,652 cm2 (U.S. EPA, 2011a) 
t* Time to reach steady-state (hr) Chemical Specific Exhibit E-3  
tevent Event duration (hr/event) Typical adult exposure = 0.71 (U.S. EPA, 2011a) 
τ event Lag time per event (hr/event) Chemical Specific Exhibit E-3 
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Table D-3: Chronic toxicity values for each parameter in water 
Chemical SFo (mg/kg-day)-1 
RfDo 
(mg/kg-day) ABSGI 
IUR 
(µg/m3) 
RfCi 
(mg/m3) 
Aluminum – 1.0 1 – 5.0 × 10-3 
Antimony – 4.0 × 10-4 0.15 – – 
Arsenic 1.5 3.0 × 10-4 1 4.3 × 10-3 1.5 × 10-5 
Barium – 2.0 × 10-1 0.07 – 5.0 × 10-4 
Benzene 5.5 × 10-2 4.0 × 10-3 1 7.8 × 10-6 3.0 × 10-2 
Benzo(a)pyrene 7.3 – 1 1.10 × 10-3 – 
Beryllium – 2.0 × 10-3 0.007 2.4 × 10-3 2.0 × 10-5 
Cadmium – 5.0 × 10-4 0.05 1.8 × 10-3 1.0 × 10-5 
Copper – 4.0 × 10-2 1 – – 
Dibromochloromethane 8.4 × 10-2 2.0 × 10-2 1 – – 
1,2-Dichloroethane 9.1 × 10-2 6.0 × 10-3 1 – – 
Heptachlor 4.5 5.0 × 10-4 1 2.6 × 10-5 7.0 × 10-3 
Heptachlor Epoxide 9.1 1.3 × 10-5 1 1.3 × 10-3 – 
Iron – 7.0 × 10-1 1 2.6 × 10-3 – 
Lead 8.5 × 10-3 – 1 – – 
Manganese – 2.4 × 10-2 1 1.2 × 10-5 - 
Nitrite as N – 1.0 × 10-1 1 – 5.0 × 10-5 
Pentachlorophenol 4.0 × 10-1 5.0 × 10-3 1 – – 
Thallium – 1.0 × 10-5 1 5.1 × 10-6 – 
Vinyl Chloride 7.2 × 10-1 3.0 × 10-3 1 – – 
Data Sources: CALEPA (2008); HEAST (2011); PPRTV (2006a); PPRTV (2006b); PPRTV (2011); PPRTV (2012); 
(U.S. EPA (2016)) 
 
 
 
Table D-4: Toxicity values for radionuclides in water 
Radionuclide SFo (Risk/PCi) 
SFi 
(Risk/PCi) 
SFimm 
 (Risk/yr per PCi/L) Source 
Radium-226 3.8 × 10-10 2.82 × 10-08 6.27 × 10-14 (U.S. EPA, 1988) 
Radium-228 1.04 × 10-09 4.37 × 10-08 5.02 × 10-16 (U.S. EPA, 1988) 
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Appendix E: Equations used in Risk Assessment 
 
 
 
 
 
Exhibit E-1a: Equations for estimating cancer risk and hazard quotient following ingestion of 
contaminants in residential drinking water (U.S. EPA, 2004a) 
 𝐼𝑛𝑔𝑒𝑠𝑡𝑖𝑜𝑛 𝐶𝑎𝑛𝑐𝑒𝑟 𝑅𝑖𝑠𝑘 = 𝐶𝐷𝐼×𝑆𝐹! 
 
Where: 𝐶ℎ𝑟𝑜𝑛𝑖𝑐 𝐷𝑎𝑖𝑙𝑦 𝐼𝑛𝑡𝑎𝑘𝑒 (𝐶𝐷𝐼) = 𝐶!×𝐼𝑅!×𝐸𝐹×𝐸𝐷𝐴𝑇×365(𝑑𝑎𝑦𝑠 𝑦𝑒𝑎𝑟)×𝐵𝑊 
 𝐼𝑛𝑔𝑒𝑠𝑡𝑖𝑜𝑛 𝐻𝑎𝑧𝑎𝑟𝑑 𝑄𝑢𝑜𝑡𝑖𝑒𝑛𝑡 =  𝐶𝐷𝐼 𝑅𝑓𝐷! 
 
Where: 𝐶ℎ𝑟𝑜𝑛𝑖𝑐 𝐷𝑎𝑖𝑙𝑦 𝐼𝑛𝑡𝑎𝑘𝑒 (𝐶𝐷𝐼) = 𝐶!×𝐼𝑅!×𝐸𝐹×𝐸𝐷𝐸𝐷×365(𝑑𝑎𝑦𝑠 𝑦𝑒𝑎𝑟)×𝐵𝑊 
 
 
 
Exhibit E-1b: Sample calculation estimating cancer risk and hazard quotient following ingestion of 
residential drinking water with median concentration of Benzene (U.S. EPA, 2004a) 
 𝑀𝑒𝑑𝑖𝑎𝑛 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑏𝑒𝑛𝑧𝑒𝑛𝑒 𝑖𝑛 𝑑𝑟𝑖𝑛𝑘𝑖𝑛𝑔 𝑤𝑎𝑡𝑒𝑟 = 3.75×10!!  𝑚𝑔 𝐿 
 
For carcinogenic effect: 𝐶ℎ𝑟𝑜𝑛𝑖𝑐 𝐷𝑎𝑖𝑙𝑦 𝐼𝑛𝑡𝑎𝑘𝑒 𝐶𝐷𝐼 = 3.75×10!!×2.5×350×3070×365×80 = 4.8×10!! 
 𝐼𝑛𝑔𝑒𝑠𝑡𝑖𝑜𝑛 𝐶𝑎𝑛𝑐𝑒𝑟 𝑅𝑖𝑠𝑘 = 𝐶𝐷𝐼×𝑆𝐹! = 4.8×10!! × 5.5×10!! =  2.65×10!!" 
 
For non-carcinogenic effect: 𝐶ℎ𝑟𝑜𝑛𝑖𝑐 𝐷𝑎𝑖𝑙𝑦 𝐼𝑛𝑡𝑎𝑘𝑒 𝐶𝐷𝐼 = 3.75×10!!×2.5×350×3030×365×80 = 1.12×10!! 
 𝐼𝑛𝑔𝑒𝑠𝑡𝑖𝑜𝑛 𝐻𝑎𝑧𝑎𝑟𝑑 𝑄𝑢𝑜𝑡𝑖𝑒𝑛𝑡 =  𝐶𝐷𝐼 𝑅𝑓𝐷! =  1.12×10!! 4.0×10!! = 2.8×10!! 
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Exhibit E-2a. Equations for estimating cancer risk and hazard quotient following dermal exposure to 
contaminants in residential drinking water (U.S. EPA, 2004c) 
 𝐷𝑒𝑟𝑚𝑎𝑙 𝐶𝑎𝑛𝑐𝑒𝑟 𝑅𝑖𝑠𝑘 =  𝐷𝐴𝐷 × 𝑆𝐹!"# 
Where: 𝐷𝐴𝐷!"# !"#$%&"!'( =  𝐶!×𝐾!×𝑡!"!#$×𝐸𝑉×𝐸𝐷×𝐸𝐹×𝑆𝐴𝐴𝑇×365 𝑑𝑎𝑦𝑠 𝑦𝑒𝑎𝑟 ×𝐵𝑊  
If 𝑡!"!#$ ≤ 𝑡∗, then: 
𝐷𝐴𝐷!"# !"#$%&'( = 2×𝐹𝐴×𝐾!×𝐶!× 6×𝜏!"!#$×𝑡!"!#$𝜋 ×𝐸𝑉×𝐸𝐷×𝐸𝐹×𝑆𝐴𝐴𝑇×365(𝑑𝑎𝑦𝑠 𝑦𝑒𝑎𝑟)×𝐵𝑊  
If 𝑡!"!#$ > 𝑡∗, then: 𝐷𝐴𝐷!"# !"#$%&'( = 𝐹𝐴×𝐾!×𝐶!× 𝑡!"!#$1+ 𝐵 + 2𝜏!"!#$× 1+ 3𝐵 + 3𝐵!1+ 𝐵 ! ×𝐸𝑉×𝐸𝐷×𝐸𝐹×𝑆𝐴𝐴𝑇×365(𝑑𝑎𝑦𝑠 𝑦𝑒𝑎𝑟)×𝐵𝑊  
 𝐷𝑒𝑟𝑚𝑎𝑙 𝐻𝑎𝑧𝑎𝑟𝑑 𝑄𝑢𝑜𝑡𝑖𝑒𝑛𝑡 = 𝐷𝐴𝐷 𝑅𝑓𝐷!"# 
Where: 𝐷𝐴𝐷!"# !"#$%&"!'( = 𝐶!×𝐾!×𝑡!"!#$×𝐸𝑉×𝐸𝐷×𝐸𝐹×𝑆𝐴𝐸𝐷×365(𝑑𝑎𝑦𝑠 𝑦𝑒𝑎𝑟)×𝐵𝑊  
If 𝑡!"!#$ ≤ 𝑡∗, then: 
𝐷𝐴𝐷!"# !"#$%&'( = 2×𝐹𝐴×𝐾!×𝐶!× 6×𝜏!"!#$×𝑡!"!#$𝜋 ×𝐸𝑉×𝐸𝐷×𝐸𝐹×𝑆𝐴𝐸𝐷×365(𝑑𝑎𝑦𝑠 𝑦𝑒𝑎𝑟)×𝐵𝑊  
If 𝑡!"!#$ > 𝑡∗, then: 𝐷𝐴𝐷!"# !"#$%&'( = 𝐹𝐴×𝐾!×𝐶!× 𝑡!"!#$1+ 𝐵 + 2𝜏!"!#$× 1+ 3𝐵 + 3𝐵!1+ 𝐵 ! ×𝐸𝑉×𝐸𝐷×𝐸𝐹×𝑆𝐴𝐸𝐷×365(𝑑𝑎𝑦𝑠 𝑦𝑒𝑎𝑟)×𝐵𝑊  
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Exhibit E-2b. Additional equations for estimating cancer risk and hazard quotient following dermal 
exposure to contaminants in residential drinking water (U.S. EPA, 2004c) 
 
Toxicity factors for dermal absorption: 
 𝑆𝐹!"# = 𝑆𝐹! 𝐴𝐵𝑆!"       (U.S. EPA, 2004c) 𝑅𝑓𝐷!"# = 𝑅𝑓𝐷!×𝐴𝐵𝑆!"      (U.S. EPA, 2004c) 
 
 
Lag time per event τevent (hr/event):  
 𝜏!"!#$ = 𝐼!"!6𝐷!" = 0.105×10(!.!!"#×!") 
 
Where: 
 𝐼!" = 𝐴𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑜𝑓 𝑠𝑡𝑟𝑎𝑡𝑢𝑚 𝑐𝑜𝑟𝑛𝑒𝑢𝑚 = 10!!𝑐𝑚 𝐷!" = 𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑐𝑚! ℎ𝑟   (Chemical Specific) 𝑀𝑊 = 𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑊𝑒𝑖𝑔ℎ𝑡 (𝑔/𝑚𝑜𝑙𝑒)    (Chemical Specific) 
 
Time to reach steady state t* (hr): 
 
If 𝐵 ≤ 0.6, then: 𝑡∗ = 2.4𝜏!"!#$ 
 
If 𝐵 > 0.6, then: 𝑡∗ = 𝑏 − 𝑏! − 𝑐! 𝐼!"!𝐼!"×10 !!.!! !.!!"#×!"  
 
Where: 
 𝐵 = 𝑅𝑎𝑡𝑖𝑜 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑒𝑟𝑚𝑒𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑎 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝑡ℎ𝑒 𝑠𝑡𝑟𝑎𝑡𝑢𝑚  𝑐𝑜𝑟𝑛𝑒𝑢𝑚 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑡𝑜 𝑖𝑡𝑠 𝑝𝑒𝑟𝑚𝑒𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑎𝑐𝑟𝑜𝑠𝑠 𝑡ℎ𝑒 𝑣𝑖𝑎𝑏𝑙𝑒  𝑒𝑝𝑖𝑑𝑒𝑟𝑚𝑖𝑠 (𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠) 𝑏, 𝑐 = 𝐶𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡𝑠 
 𝐵 = 𝐾! 𝑀𝑊 2.6 
 𝑏 = 2 2+ 𝐵 !𝜋 − 𝑐 𝑐 = 1+ 3𝐵 + 3𝐵!3 1+ 𝐵  
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Exhibit E-1c. Sample calculation estimating cancer risk and hazard quotient following dermal 
exposure to flowback water with median concentration of Benzene (full hand exposure for 3 hours) 
(U.S. EPA, 2004c) 
 𝑀𝑒𝑑𝑖𝑎𝑛 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑏𝑒𝑛𝑧𝑒𝑛𝑒 𝑖𝑛 𝑓𝑙𝑜𝑤𝑏𝑎𝑐𝑘 𝑤𝑎𝑡𝑒𝑟 =  2.5×10!!  𝑚𝑔 𝐿 
 𝑆𝐹!"# = 𝑆𝐹! 𝐴𝐵𝑆!" = 5.5×10!! 1 = 5.5×10!! 𝑅𝑓𝐷!"# = 𝑅𝑓𝐷!×𝐴𝐵𝑆!" = 4.0×10!!× 1 =   4.0×10!! 
 Lag	time	per	event	τevent (hr/event):  𝜏!"!#$ = 0.105×10(!.!!"#×!") = 2.87×10!! 
 
Time to reach steady state t* (hr): 
If 𝐵 ≤ 0.6, then: 𝑡∗ = 2.4𝜏!"!#$ 
 𝐵 = 𝐷𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 𝑟𝑎𝑡𝑖𝑜 𝑜𝑓 𝑝𝑒𝑟𝑚𝑒𝑎𝑏𝑖𝑙𝑖𝑡𝑦 = 𝐾!× 𝑀𝑊 2.6 = 5.06×10!! < 0.6 
 𝑡∗ = 2.4𝜏!"!#$ = 2.4×2.87×10!! = 6.9×10!! 
 𝑡!"!#$ = 3 ℎ𝑜𝑢𝑟𝑠 > 𝑡∗ 
 
For carcinogens: If 𝑡!"!#$ > 𝑡∗, then: 
𝐷𝐴𝐷!"# !"#$%&!" = 𝐹𝐴×𝐾!×𝐶!× 𝑡!"!#$1 + 𝐵 + 2𝜏!"!#$× 1 + 3𝐵 + 3𝐵!1 + 𝐵 ! ×𝐸𝑉×𝐸𝐷×𝐸𝐹×𝑆𝐴𝐴𝑇×365(𝑑𝑎𝑦𝑠 𝑦𝑒𝑎𝑟)×𝐵𝑊  
1×0.0149×0.0025 31 + 0.0506 + 2×0.287× 1 + 3 0.0506 + 3 0.0506 !1 + 0.0506 ! ×1×4×52×49170×365(𝑑𝑎𝑦𝑠 𝑦𝑒𝑎𝑟)×80 = 6.44×10!! 𝐷𝑒𝑟𝑚𝑎𝑙 𝐶𝑎𝑛𝑐𝑒𝑟 𝑅𝑖𝑠𝑘 =  𝐷𝐴𝐷 × 𝑆𝐹!"# = 6.44×10!!× 5.5×10!! = 3.5×10!!" 
 
For non-carcinogens: If 𝑡!"!#$ > 𝑡∗, then: 
𝐷𝐴𝐷!"# !"#$%&'( = 𝐹𝐴×𝐾!×𝐶!× 𝑡!"!#$1 + 𝐵 + 2𝜏!"!#$× 1 + 3𝐵 + 3𝐵!1 + 𝐵 ! ×𝐸𝑉×𝐸𝐷×𝐸𝐹×𝑆𝐴𝐸𝐷×365(𝑑𝑎𝑦𝑠 𝑦𝑒𝑎𝑟)×𝐵𝑊  
= 1×0.0149×0.0025 31 + 0.0506 + 2×0.287× 1 + 3 0.0506 + 3 0.0506
!1 + 0.0506 ! ×1×4×52×4914×365(𝑑𝑎𝑦𝑠 𝑦𝑒𝑎𝑟)×80= 1.13×10!! 𝐷𝑒𝑟𝑚𝑎𝑙 𝐻𝑎𝑧𝑎𝑟𝑑 𝑄𝑢𝑜𝑡𝑖𝑒𝑛𝑡 = 𝐷𝐴𝐷 𝑅𝑓𝐷!"# = 1.13×10!! 4.0×10!! = 2.8×10!! 
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Exhibit E-3a. Equations for estimating cancer risk and hazard quotient following inhalation of 
volatile contaminants in residential drinking water (U.S. EPA, 2004a, 2004d) 
 𝐼𝑛ℎ𝑎𝑙𝑎𝑡𝑖𝑜𝑛 𝐶𝑎𝑛𝑐𝑒𝑟 𝑅𝑖𝑠𝑘 = 𝐶𝐷𝐼×𝑆𝐹! 
 
Where: 𝐶ℎ𝑟𝑜𝑛𝑖𝑐 𝐷𝑎𝑖𝑙𝑦 𝐼𝑛𝑡𝑎𝑘𝑒 (𝐶𝐷𝐼) = 𝐶!×𝐼𝑅!×𝐸𝐹×𝐸𝐷𝐴𝑇×365(𝑑𝑎𝑦𝑠 𝑦𝑒𝑎𝑟)×𝐵𝑊 
 𝐼𝑛ℎ𝑎𝑙𝑎𝑡𝑖𝑜𝑛 𝐻𝑎𝑧𝑎𝑟𝑑 𝑄𝑢𝑜𝑡𝑖𝑒𝑛𝑡 =  𝐶𝐷𝐼 𝑅𝑓𝐷! 
 
Where: 𝐶ℎ𝑟𝑜𝑛𝑖𝑐 𝐷𝑎𝑖𝑙𝑦 𝐼𝑛𝑡𝑎𝑘𝑒 (𝐶𝐷𝐼) = 𝐶!×𝐼𝑅!×𝐸𝐹×𝐸𝐷𝐸𝐷×365(𝑑𝑎𝑦𝑠 𝑦𝑒𝑎𝑟)×𝐵𝑊 
 
Toxicity factors for dermal absorption: 
 𝑆𝐹! = 𝐼𝑈𝑅×70 15×0.001      (HEAST, 2011) 𝑅𝑓𝐷! = 𝑅𝑓𝐶!×15 70      (HEAST, 2011) 
 
 
 
Exhibit E-3b. Sample calculation estimating cancer risk and hazard quotient following inhalation of 
median concentration of Benzene from residential drinking water (U.S. EPA, 2004a, 2004d) 
 𝑀𝑒𝑑𝑖𝑎𝑛 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑏𝑒𝑛𝑧𝑒𝑛𝑒 𝑖𝑛 𝑑𝑟𝑖𝑛𝑘𝑖𝑛𝑔 𝑤𝑎𝑡𝑒𝑟 = 3.75×10!!  𝑚𝑔 𝐿 
 
For carcinogenic effect: 
 𝐶ℎ𝑟𝑜𝑛𝑖𝑐 𝐷𝑎𝑖𝑙𝑦 𝐼𝑛𝑡𝑎𝑘𝑒 𝐶𝐷𝐼 = 3.75×10!!×15×350×3070×365×80 = 2.8×10!!  
 𝐼𝑛ℎ𝑎𝑙𝑎𝑡𝑖𝑜𝑛 𝐶𝑎𝑛𝑐𝑒𝑟 𝑅𝑖𝑠𝑘 = 𝐶𝐷𝐼×𝑆𝐹! = 2.8×10!! × 3.64×10!! = 1.05×10!! 
 
For non-carcinogenic effect: 
 𝐶ℎ𝑟𝑜𝑛𝑖𝑐 𝐷𝑎𝑖𝑙𝑦 𝐼𝑛𝑡𝑎𝑘𝑒 (𝐶𝐷𝐼) = 3.75×10!!×15×350×3030×365×80 = 6.7×10!! 
 𝐼𝑛ℎ𝑎𝑙𝑎𝑡𝑖𝑜𝑛 𝐻𝑎𝑧𝑎𝑟𝑑 𝑄𝑢𝑜𝑡𝑖𝑒𝑛𝑡 =  𝐶𝐷𝐼 𝑅𝑓𝐷! =  6.7×10!! 6.43×10!! = 1.05×10!! 
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Exhibit E-4a: Equations for estimating cancer risk from exposure to radionuclides in water (U.S. 
EPA, 2004a, 2004b) 
 𝑅𝑎𝑑𝑖𝑜𝑛𝑢𝑐𝑙𝑖𝑑𝑒 𝐼𝑛𝑔𝑒𝑠𝑡𝑖𝑜𝑛 𝐶𝑎𝑛𝑐𝑒𝑟 𝑅𝑖𝑠𝑘 = 𝐶!×𝐸𝐹×𝐸𝐷×𝐼𝑅!×𝑆𝐹! 
 𝑅𝑎𝑑𝑖𝑜𝑛𝑢𝑐𝑙𝑖𝑑𝑒 𝐼𝑚𝑚𝑒𝑟𝑠𝑖𝑜𝑛 𝐶𝑎𝑛𝑐𝑒𝑟 𝑅𝑖𝑠𝑘 = 𝐶!×𝐸𝐹×𝐸𝐷×𝐼𝑅!×𝑆𝐹!"" 
 𝑅𝑎𝑑𝑖𝑜𝑛𝑢𝑐𝑙𝑖𝑑𝑒 𝐼𝑛ℎ𝑎𝑙𝑎𝑡𝑖𝑜𝑛 𝐶𝑎𝑛𝑐𝑒𝑟 𝑅𝑖𝑠𝑘 = 𝐶!×𝐸𝐹×𝐸𝐷×𝐼𝑅!×𝑆𝐹! 
 
 
 
Exhibit E-4b: Sample calculation estimating cancer risk from exposure to median concentration of 
Radium-226 in drinking water (U.S. EPA, 2004a, 2004b) 
 𝑀𝑒𝑑𝑖𝑎𝑛 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑟𝑎𝑑𝑖𝑢𝑚 − 226 𝑖𝑛 𝑑𝑟𝑖𝑛𝑘𝑖𝑛𝑔 𝑤𝑎𝑡𝑒𝑟 = 1.94×10!!  𝑃𝐶𝑖 𝐿 
 𝑅𝑎𝑑𝑖𝑜𝑛𝑢𝑐𝑙𝑖𝑑𝑒 𝐼𝑛𝑔𝑒𝑠𝑡𝑖𝑜𝑛 𝐶𝑎𝑛𝑐𝑒𝑟 𝑅𝑖𝑠𝑘 =  1.94×10!!× 350 × 30 × 2.5 × 3.85×10!!" = 1.96×10!! 
 𝑅𝑎𝑑𝑖𝑜𝑛𝑢𝑐𝑙𝑖𝑑𝑒 𝐼𝑚𝑚𝑒𝑟𝑠𝑖𝑜𝑛 𝐶𝑎𝑛𝑐𝑒𝑟 𝑅𝑖𝑠𝑘 = 1.94×10!! × 350 × 30 × 2.5 × 6.27×10!!" = 3.19×10!!! 
 𝑅𝑎𝑑𝑖𝑜𝑛𝑢𝑐𝑙𝑖𝑑𝑒 𝐼𝑛ℎ𝑎𝑙𝑎𝑡𝑖𝑜𝑛 𝐶𝑎𝑛𝑐𝑒𝑟 𝑅𝑖𝑠𝑘 = 1.94×10!! × 350 × 30 × 15 × 2.82×10!! = 8.62×10!! 
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Appendix F: Additional Risk Estimations 
A risk assessment similar to the one conducted in Chapter 6 was carried out 
considering only spills of flowback water with a volume greater than 1,000 L. A Monte 
Carlo Simulation was conducted similarly to Chapter 6, but excluded small spill volumes, 
in order to estimate the risk from residential exposure to contaminants in drinking water 
as a result of a large flowback water spill. The risk and toxicity assessment was 
conducted using the same assumptions and equations described in Chapter 6 and 
presented in Appendices D and E. The results of this analysis are in Figures F-1 – F-6. 
 
 
 
 
Figure F-1: Excess cancer risk from chronic exposure to high-priority contaminants in flowback 
water from a large spill (greater than 1,000L) 
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Figure F-2: Hazard Quotient from chronic exposure to high-priority contaminants in flowback water 
from a large spill (greater than 1,000L) 
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Figure A-3: Total cancer risk and total Hazard Index for high-priority contaminants in flowback 
water from a large spill (greater than 1,000L) 
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Figure F-4: Total cancer risk and total Hazard Index from three exposure pathways (ingestion, 
dermal, and inhalation) from chronic exposure to flowback water from spills greater than 1,000 L 
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Figure F-5: Cancer risk from exposure to high-priority radionuclides in flowback water form large 
spills (greater than 1,000 L) 
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Figure F-6: Total cancer risk from three exposure pathways (ingestion, dermal, inhalation) from 
exposure to high priority radionuclides in flowback water from large spills (greater than 1,000 L) 
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